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Simple anei Compound Substances 


far the greater number of the substances we know arc compound : 
tliat is, are formed by the union of two,' three, or four of these 
elcl1^ents. Thus, water consists of hydrogen and oxygen ; sand, of 
silicon and oxygen ; salt, of chlorine and sodium ; wood, of carbon, 
oxygen, and hydrogen ; marble, of carbon, oxygen, and calcium ; 
muscular tissue, of carl)on, liydrogen, oxygen, and nitrogen. The 
number of substances containing more than four elements is very “ 
small. ^ 

' The force in virtue of which different isubstanccs unite to 
form compounds, and which opposes the separation of compounds 
into their elements, is called the force of chemicalattraction or 
affinity. • 

This force is exerted between bodies with different degi ees of 
intensity. Thus, if we mi^ finely powdered vermilion, a compound 
of sulphur and mercury, with iron in a fine state of •iivision, anc^ 
heat the mixture, we shall find that the iron combines wjth the 
sulphur, forming a new compound, the sulphide of iron or iron 
sulphide, while the mercury is .set free. We are thus led to con¬ 
clude that the chemical attraction between iron and sulphur is# 
greater than that between mercury' and sulphur. So, too, if a strip \ 
of zinc is^laced in a solution of copper chloride, the greenish-blue 
solution of this substance becomes after a lime colourless and a 
red powdar, seen at once to be metallic copper, is deposited. 
Here the zinc, having a greater attraction for the chlorine than Ihe , 
copper, expels the copjter from the cop])er chloride, foiming zinc J 
chloride, which is colourless and remains in solution, and sets f|-^ 
theaf(pper. ‘ .' »• -i 

V3. Simple and compound substances.—If we take lh(' substa>(:^ 
known as red precipitate and expo.se it to the action of heatfwe 
shall find it ultimately resolved into a bright white liquid mc^|al, 
which is easily recognised as mercury’, and into^a gas in which 
bodies will burn as in air, but with far greater brilliancy. This 
gas is known as oxygen. By the further application of heat or, 
^indeed, of any other physical agent, to either of these substances, 
we can get from mercury nothing^ but mercury, and from oxygen 
nothing but oxygen. We are entitled m the present state of our I 
knowledge to regard these as simpjte w elementary forms of miffcer, ’ 
and they au* spoken of as elements. 

L 4. Atoms. Combining weights.—If we mix together suShur 

' and iron, each in a fine state of division, we may do^ so inmny 
proportion ; if wc apply a magnet to the mixture it wiH femoVe^e^ 
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particles of iron and leav« the sulphur ; or if we treat the mixture 
with carbon bisulphide Tt will dissolve out the sulphur and leave 
the iron unaltered ; we can, in short, by physical means seprfratc 
the two constituents. But if we heat the mixture the two substances 
compline to form a new compound, different in properties from its 
constituents ; the sulphur can no longer be dissolved out, nor can 
the iron be withdrawn by a magnet. The compound formed is 
iron sulphide, and if it be examined it will always be found to 
. contain iron and sulphur in the ratio of seven parts by weight of ' 
iron to four of sulphur, and if either of the substances be in excess, *' 
howevei^reat, of these proportions, the excess could be removed by 
purely physical means, leaving the iron suli^hide unaltered ; and we 
cannot get the constituents from the iron sulphide except by 
circuitous chemical processes. ^ 

In the present state of our knowledge it is assumed that the 
divisibility of matter is not infinite ; that if we used methods of 
division far more perfect than those now at our disposal, we should ^ 
arrive at a certain limit which could not be passed, viz. at the atom 
• which could be conceived as being impenetrable, incompressible, 
inCxpansibic, and as possessing^a definite weiglit, which characterises 
it. When an atom enters into combination with the atom another 
body it does so only with this Aveight, or an integral multiple 
of it. This is called the atomic weighty or combining weight of 
the element Thus, that of hydrogen is i, carbon 12, oxygen 16, 
silver 108, gold 197. 

4 ^ . Molecules.—Matter in the form presented to us is made up 
gt%ups, each containing two or more atoms, which are called 
t nMecules. Chemical forces can resolve molecules into atoms ; 
phpical forces operate only on the molecule as a whole. With 
m^t elements the molecule consists of two atoms. The molecule 
of a compound«substance is an aggregate of the atoms of its con¬ 
stituents. Two atoms of hydrogen and one of oxygen unite to 
form a molecule—not an atom—of water ; the molecule of marsh 
gas consists of four atoms of hydrogen and one of carbon^, 
Sulphuric acid contains one atom of sulphur, four of oxygen, and 
tvt^of hydrogen in the molecule. 

"^iNeither the molecules nor the atoms are accessible to direct 
ervation. They are of almost inconceivable minuteness, yet, by 
va»us trains of reasoning 'from known phenomena, it h.*^ beenjj 
jj^ pG^ble to arrive at an approximate deteimination of thiir size, 
"ws, it«iias been calculated that a cubic millimetre of waletf which 



- 6 ] 


Intermohcnlar Spaces. Ether 


5 


is about the size of a pin’s head, would contain a number of mole¬ 
cules equal to the cube of a million : that is, a number approximately 
represented by unity followed by eighteen zeros. Even in gases, 
where the number is far smaller, there are under ordinary condi- 
* lions not less than 20 trillions of molecules in a cubic centimetre. 

To form an idea of the degree of the size of the molecules Lord 
*Ktlvin gives this illustration ;—‘ Imagine a drop of rain, or a glass ^ 
sphere the size of a pea, magnified to the size of the eai’th, the 
molecules in if being increased in the same proportion. The 
y structure of the mass would then be coarser tftan that of a heap of * 
fine shot, but probably not so coarse as that of a haap of cricket 
balls.’ t 

T 6. Intermolecular Spaces. Ether. —If we exert a pull upon a 
body it is lengthened, and when pressure is applied it is shortened ; 
the volume of a body is* increased by a rise, and is ^ssened by am 
fall, in temperature. Such facts as these are best explained by 
supposing that the molecules of which a body is built up ar6 not in 
' actual contact. Again, if we mix equal volumes of alcohol and 
water the volume of the mixture is less than the sum of the volumes 
of its constituents, and when a salt is dissolved in water there is^no* 
correspmiding increase in volume. The most natural interpreta¬ 
tion of t^se facts is that the molecules of each substance penetrate 
into the iqferstices of the other. 

Hence, on the basis of these and other facts, it is assumed tJiat 
the molecules of all bodies, the hardest and the densest, arc at 
appreciable distances from each other, which distances may be 
increased or diminished by the influence of external physical forodt.. J 
without the molecules themselves being altered. 'J'he sixicc,'’'!^ 
which the molecules arc separated are sppken of as inlermolectjlar ^ 
spaces, and the forces between the molecules are known as niiplc- 
cular forces, which act only at almost infinitely small distances^ 

It is further assumed that the intermolecular spaces of all 
bodies, the softest and •the hardest, the lightest and the heaviest, 
the celestial spaces and the most perfect vacuum attainable, are 
* filled by a subtle, perfectly elastic, incompressible fluid of extreme 
tenuity, which is known as the ether. j 

We shall afterwards see that sound is transmitted in gasa$ by 1 
a vibratory motion of the particles of air (171), and, in like 
; ner, it has been made out that light and radiant heat are transi 
by alstate of vibration of this ether. Recent discoveriesi 
have Established the fact th.ai electricity is transmitted thr^ 
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ether in the same way; the* difference being in the rapidity of 
• the vibratory motion. Whether the ether has other functions or 
not cannot at present be determined. The ready explanatioji oi 
luminous and electric phenomena which the hypothesis of this 
etlier furnishes, is the justification for assuming its existence. 

7. Different states of matten—All substances present cha- 
- racters in virtue of which they may be divided into three district 
classes — and^ " j 

The particular form which matter assumes—whether solid, 
liquid, or gaseous—depends on the extent to which it is influenced ' 
by the forc^of molecular attraction, which tends to bring the 
moleculeS nearer each other, and also upc^ its temperature, the 
effect of rise of temperature being as a rule to force the molecules 
farther apart. 

* Solids^ ^ch as wood, stones, metals, etc., are substances 
which are more or less hard, and retain the form which they 
possess naturally or which has been given them by art. In 
solids the molecules have very little freedom of motion. They 
^re capable of vibrating, bur cannot move away from one part of 
the. substahee to another. 

Liquids^ such as water, oil, mercury, are bodies which^ave no 
hardness, and present but little resistance when a body isTmmersed 
in them ; they have no shape of their own, but at once t5.ke that of 
the-vessels in which they are contained, in which they have a free 
surface ; they are virtually incompressible. The molecules are 
able not only to vibrate, but to move freely past each other from 
j^^e p^rt of the mass to another. 

/^GaseSy such as hydrogen, oxygen, carbonic acid, are also called 
ae^orm fluids^ from their analogy with our air, which is a mixture 
of oxygen and nitrogen. They are very light bodies ; excepting a 
small number, which are coloured, they are invisible ; and hence a 
vessel filled with air, hydrogen, or any colourless gas, appears quite 
empty. Like liquids, they have no shape of their own, but, unlike 
liquids, they have no free %urface and are eminently compressible 
and expansive. In gases the molecules dart about freely in all 
jdirections, each molecule moving in a straight line u^il its direction 
is a^red by an encounter with another molecule or the side of the 
lining vessel. Attraction between neighbouring molecules is 
experienced when they come very close together in an 
inter. Sometimes it is said that the continual tendenc^ of a 
^to e^and is due to a mutual repulsive action betwelh the 
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molecules. It is not, however, necessary to assume any such 
repulsion. Gases are continually tending to occupy a larger 
spaqf. This property will be described as the expansibility oi 
gases (13). 

• ( There are many bodies which can exist in all these three dif¬ 
ferent forms. Thus, water, exposed to great cold, becomes solid in 
therform of ice ; at ordinary temperatures it is liquid, while at higher 
temperatures it becomes a gas. Sulphur, iodine, and several of the 
metals, such as%nercury and zinc, present the same phenomena. 
.••Most substances, however, especially coinpoflnd bodies, are not 
^ capable of existing in more states than one, since, b)^a sufficient 
increase of temperature, they are decomposed. # 
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CHAPTER II 


GENERAL TROPERTIES OF BODIES 


8. Extension.—By general properties understand those 

which are common to alj bodies, whether solids, liquids, or gases ; 
suqk .for instance, are ex^tsion^ dimsibility^ 

^pof&xUyk^coT^rcssibility^ elashdty^ inertia, and g^ity^ 

properties are such as we observe only in certain bodies, 
or in ^fertain states of these bodies ; solidity, fluidity, tenacity, 
malleability, colour, hardness, etc., are properties of this class. 

, The first general property of bodies with which we are concerned 
is \X\xi\x extension or magnitude : that is, that every body occupies a 
certain space. All bodies, even the smallest atoms, have ,a certain 
extension. ^ 

Extension considered in only one direction, that of length, gives 
a line ; in two directions, length and breadth, a surface ; and, in 
the three directions, length, breadth, and thickness, a volume. 

With respect to the above general properties, it may be re- 
iflarkcd that impenetrability and extension might be more aptly 
termed essential attributes of matter, since they suffice to define it ; 
and that divisibility, porosity, compressibility, and elasticity do not 
a])ply to atoms, but only to bodies or aggregates of atoms. 

9. Impenetrability.—This is the property in virtue of which 
one portion of matter occupies space to the exclusion of all other. 
.Strictly speaking, this property only applies to the atoms of bodies. 

In many phenomena»bodics appear to penetrate each other. 
Thus, if a pint of w'aterand a pint of alcohol be mixed together, the 
i^olume of the mixture is less than tw’o pints. A similar contraction 
■* occurs in the formation of certain alloys; for instance, brass, which 
is^jlli alloy of copper and zinc, occupies a less volume than the 
UQ)t|d volumes of its constituents. 

xlhis penetration is, however, only apparent, Mid is duetto an 
I'atioti^ in the position of the molecules; they come acarer 
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each other, and the space, occupied by the molecular pores is 
diminished. 

Aiiail driven into wood is not a true case oi penetration. The 
molecules of the wood are driven apart by the nail, but Mvherever it 
has penetrated there is no wood. When water is poured upon a 
heap of sand, it at once disappears ; the water, however, docs, not 
penefrate the substance of the sand itself, but merely fills the 
space between the grains. 

If we plunge the hand in water the liquid moves away and 
^ves place to the hand. * 

When a glass tumbler is dipped into water with«ihe mouth 
downwards, the volume ^f air inside diminishes ; this exp#iment 
proves that air is compressible, but not that it is penetrable. 

• If a glass funnel finely drawn out be fitted in the neck of a 
bottle, water cannot be poui^d into the bottle, for the ^clo ^d jatr 
cannot escape. In casting iron, the moulds must have air-l^l^^.to 
allow the air to escape. 

' lo. Divisibility.—This is the property which all bodies have 
of being divided into distinct parts. 

Numerous examples may be cited of the extreme divisibility of 
matter. 

A piec^of carmine not larger than a grain of corn gives a 
distinct colqyr lo two gallons of water; from which it can be de¬ 
duced that this small quantity of colouring matter cannot contain 
less than ten million particles. 

^ Blood is composed of red, flattened globules floating in a colour¬ 
less liquid called serum. In man the diameter of one of these < 
globules is less than the 3,5oolh part of an inch, and the drop of 
blood which might be suspended from a point of a needle would 
contain about a million of globules. 

By dissolving in alcohol a known weight of fuchsine, and 
diluting the liquid, it was observed that a solution Aintaining not 
more than 0'00000002, or, as it may conveniently be written, o*o-2, 
of a gramme in one cubic centinietie had still a distinct colour : 
tliat is, that a weight of not more than the one fifty-two-millionth 
of a gramme can' be perceived by the naked eye. As the molecular ^ 
weight of this substance is 337 times that of hydrogen, it follows ' 
that the weight of an atom of hydrogen cannot be greater tha^ 
the one 20,000-millionth of a gramme. I 

^ > Still igreater is .the divisibility of some bodies possessing^ in 
odour. iThe tenth part of a grain of musk will continue for ye^ 

^ J •'.Mil 



JO Properties of Matter and Universal Attraction [10- 

to fill ii room with its odoriferous particles, and at the end of that 
time will scarcely be diminished in weight. According to the ex¬ 
periments of Kreil, a cubic centimeti-e of asafoetida can furnish 
1,200 billions distinct particles. 

II. Porosity.—'I'he interniolecular spaces, sometimes called 
molecular pores, ol which we have spoken (6), cannot be distin¬ 
guished by even the most powerful 
microscopes. They arc not to be 
confounded with file small tubes or 
channels which we can see by the 
naked eye in such substances a^ 
sponge, pumice stone, etc., and in 
others, sucti as in animal or vege¬ 
table fibres, by the use of a moderate 
magnifying power; these form actual 
cavities across which molecular 
forces cannot act, and are spoken 
of as pores, and porosity is the pro¬ 
perty which bodies possess of having 
visible pores. Porosity of this kind 
is not a universal property of matter 
—^^it is absent in glass, instance. 

' The existence of sensible pores 
may be shown by the Jbllowing ex¬ 
periment, which is known as the 
mercury rain. A long glass tube A. 
(fig. i), is provided with a brass 
cup, m, at the top, and a brass foot 
made to screw on to the plate P, 
of an air-pump. The bottom ot the 
cup consists of a thick piece of 
leather, o. After pouring mercury 
into the cup so as entirely to cover the 
.s» leather, the air-pump is worked, and 
a partial vacuum produced in the tube. As a consequence a showfer 
of mercury is at once produced within the tube,for the atmospheric 
pressure on the mercury forces that liquid through the pores of the 
leather. In the same manner water or mercury may be forced 
through the pores of wood, if the leather in the above experiment 
be replaced by a disc of wood cut perpendicularly to the fibres. 

# When a piece of chalk is thrown into water, air-b|bbles at 
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once rise to the surface, in consequence of tlie air in the pores oi 
the chalk being expelled by the water. Tlie chalk will be found 
to be Ijeavier after immersion than it was before, and from the 
increase of its weight the volume of its pores may be deduced. 

• 12. Applications of porosity.—The property of porosity is fre¬ 
quently utilised, more especially in the process of filtration. This 
consists in clarifying liquids by freeing them from particles of 
matter which they hold in suspension ; as is done, for instance, with 
river-water, which ft turbid, owing to the earthy matter it carries 
along with it. * 

The apparatus used for this purpose are called Jitters^ and 
are usually constructed of unsized paper, felt, charcoal, etc. • The 
pores of these substances are sufficiently large to allow liquids to 
pass, but small enough to arrest the particles held in suspension. 

Fig. 2 represents a simj^e form 
of filter. It is a conical felt bag, 
suspended by three cords, into which 
is poured the turbid liquor, which 
slowly traverses the pores, while 
all the solid particles to which the 
turbidity is due remain behind on the 
filter. ThisVnethod is well adapted 
for clarifying syrups, jellies, and 
liqueurs. 

Layers of powdered wood-char- 
coal are also used for filtration. A 
layer of sand or of broken glass pro¬ 
duces the same cfiect. The clear¬ 
ness of deep-well water is due to 
its filtration through thick strata of 
earth. 

13. Compressibility.—This is the properly which Wtidies possess 
of being- diminished in volume by pressure without undergoing^ any. 
loss of mass. Being due to the approach of the molecules towards 
each other, it is both a consequence and a proof of the existence of 
intermolecular spaces. 

Compressibility is very marked in sponge, india rubber, cork, 
pith, paper, cloth, etc. The volume of these substances is con¬ 
siderably diminished by mere pressure between the fingers. The 
compressibility of metals is proved by the impression which they 
receive mnm the die, in the process of coinage. There is, in mc 4 t 
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cases, a limit beyond wliicli, when the pressure is increased, solids 
arc fractured or reduced to powder. 

The compressi])ilily of liquids is so small as to have remained 
for a long time undetected ; it may, however, be proved by ex¬ 
periment, as will be seen in the chapter on Hydrostatics 
(84). 

The most compressible bodies are gases, which by pressure may 
be made to occupy ten, twenty, or a hundred times less space than 
under ordinary circumstances. The great confpressibility of gases 
may be demonstrated by means of a glass tube with very thick 
sides closed at one end, and provided with a tightly fitting solid piston 

(fig. 3). The enclosed air cannot escape, 
and yet, when the handle of the piston is 
pressed, it can be moved down to one- 
half to thifte-quarters the length of the 
tube ; proving that the volume of the air 
is reduced to half or a quarter what it 
was originally. 

14. Elasticity.—is the pro¬ 
perty which bodies possess of resuming 
their original form or volume, when, after 
having been compressed, ^ent, twisted, 
or pulled, the force which^ altered them 
has ceased to act. 

The elasticity of a body is measured 
by the resistance which it opposes to any 
force or stress tending to deform it. 
Four kinds of elasticity may be distin¬ 
guished : - (1) that exhibited by gases 
and liquids when the applied stress is a 
pressure ; (2) the elasticity of flexure or 
bendings exhibited by springs ; (3) that of 
torsion or hoisting, which is developed 
in linen or cotton thf^ads when they arc untwisted ; and (4) the 
elasticity of tension or stretching, which is that of piano or violin 
strings when they are stretched. 

Whatever be the kind of elasticity, it is always due to a displace¬ 
ment of the molecules. If the molecules have been brought nearer 
by pressure, heat tends to separate them ; if, on the contrary, 
they luive been separated, molecular attraction tends 4 o bring 
them near each other again. If a piece of whalebone bdl^nt, the 
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molecules in the concave part, being compressed, repel each other ; 
• in the convex part, where they are separated, they tend to approach 
each other; both these actions concur, therefore, in straightening 
it as soon as it is free. 

Gases and liquids are perfectly elastic in the sense that they 
regain exactly their original volume when the pressure to which 
' they have been subjected is removed. But if elasticity is measured 
by the stress (pressure) required to produce a given deformation 
(in this case a given diminution of volume), we must regard liquids 
as' having much greater elas¬ 
ticity than gases, since they are 
much less compressible. ^ Solid 
bodies present different degrees 
of elasticity ; for example, glass, 
steel, ivory, marble are higfily <3 

elastic ; lead, clay, and fats pos¬ 
sess scarcely any elasticity. 

India rubber has wide limits 



of elasticity. An india rubber 
string may be stretched to two 
or three times its length, and 
regain its original length when 
the tension Jis removed. But 
when stretched beyond a certain 
point or stretched often, it is 
permanently altered. Glass is 
much more elastic than india 



rubber, but its clastic limits are much narrower ; except in very 
thin strips or tine threads, it will not bend far without breaking. In 
gases and liquids, on the contrary, no such limit can be reached : 
they always regain their original volume when the original condition 
of pressure is restored. * 

The difference between the elastic limits of steel and wood may 
b|p seen by bending to the same extent two similar strips of those 
substances ; when released the steel reverts at once to its original 
straight form, whilst the wood is permanently curved. 

The elasticity of solids may be shown by tlie following experi¬ 
ment : On a slab of polished black marble, thinly smeared with 
oil, an ivory ball is allowed to drop from gradually increasing 
heights^ Each time it w^ill rebound and rise to a height a little less 
.than th* from which it fell, after having formed on the layer of oil 
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a circular impression ^^hich is larger the greater the height of the 
fall (tig. 4). From this we conclude that the ball was flattened 
each lime, and that it reb«)unded in consequence of the rear.tion of 
its compressed molecules. 

{ 15. Illustrations of elasticity.—Numerous illustrations of the 
property of elasticity may be mentioned. It is owing to their 
elasticity that corks are used for closing bottles. When tlfey are 
forcibly pushed into the neck they become compressed, and then, 
their elasticity causing them to press against t^e sides, they com¬ 
pletely close the neck. When the string of a cross-bow is stretched 
its elasticity is brought into play, and the velocity imparted to 
the l^lt when the string is released represents the work done in 
stretching .it. 

Child«?n’s balls depend upon the elasticity of gas: they arc 
made of j^dia rubber, and are infla&d by air ; when they strike 

against the ground, or against a wall, their 
volume diminishes, and the air which they 
contain being suddenly compressed, expands, 
and, acting like a spring, makes the ball 
rebound. A similar application is met with 
in air-cushions. They are made of an air¬ 
tight material, and, being inflated by air, are 
both compressible and elastic, jnd thus form 
a very soft seat. 

The use of carriage and of watch and 
clock springs depends upon the elasticity of 
steel. Ih like manner the elasticity of wool, 
hair, feathers, is made use of in mattresses, 
pillows, and seats. The strong spiral steel 
springs in the buffers of railway carriages are 
further illustrations. 

The letter-weight (fig. 5), the construction 
of which will be at once understood, is an 
application of elasticity ; the dynamometer (fig. 8) also depends pn 
the elasticity of a steel band. 

It is, lastly, in consequence of their elasticity that piano, guitar, 
or violin strings are capable of being made to vibrate, which, as 
we shall show, is the origin of the sounds which stringed instruments 
yield. 
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CHAPTER III 

MOTION AND FORCE 

16. Rest and motion.-v-A body is said to be at rest w#3n it 

remains in the same place; to be in motion when it^sse^ from 
one place to another. Both rest and motion are either absolute or 
relative. * ^ • 

Absolute rest would be the entire absence of motion. No 
such condition, however, is known in the universe ; for the earth 
and the other planets rotate both about the sun and about their 
own axes, and therefore all the parts composing them share this 
double motion. Even the sun itself has a motion of rotation which, 
excludes the idea of absolute rest. 

( Relative\x apparent rest is the condition of a body which 
appears hxedkin reference to surrounding objects, but which really 
shares with them a double motion. P'or instance, a passenger in a* 
railway carriage may be in a state of relative rest with respect to 
the train in which he travels, but he is in a state of relative motion 
with respect to the objects (fields, hbuses, etc.) past which the train 
rushes. These houses, etc., again, enjoy merely a state of relative 
rest, for the earth itself which bears them is in a state of incessant 
relative motion with respect to the celestial bodies of our solar 
system. 

The absolute motion of this passenger would be fhat measured 
in regard to a fixed point in space; this, however, cannot be 
realised, for we know no such point. In short, absolute motion 
and rest are unknown to us : in nature, relative motion and icst are 
alone presented to our observation. 

17. Different kinds of motion.- -Motion is’ either rectilinear 
or curvilinear rectilinear when the moving body travels along a 
straight line, as when a body falls to the ground ; curvilinear 

it goes ^ong a curved line, as in thp case of a horse turning in a 
jnill. 
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Each kind of motion ie either uniform or varied. 

»S. Uniform motion.~Motion is said to be uniform when the 
moving body passes over equal spaces in equal intervals, qf time : 
such, for instance, as the motion of a water-wheel when it make’s 
, exactly the same number of turns in a minute. Such, again, is the 
motion of a hand of a watch. 

? The velocity of motion is the space traversed in a given time, a 
second or an hour, for example. A bullet which, fired from a gun, 
passes through 1,200 feet in every second, is safti to have a velocity 
of 1,200 feet. A train which moves 30 miles in each successive 
hour is'^w.id to have a velocity of 30 miles an hour, or 44 feet in 
a se<Sond. ^ 

19. Varied motion.—Varied motion is that in which unequal 
sjiaces traversed in equal times. If the spaces traversed in tbje 
saine fi^e go on increasing, the motion is said to be cyccelerated ; 
■such'is tS motion of a train starting from a station : if the spaces 
aegtease, as in the case when a train comes into a station, the 
motion is retarded. 

If a body moves in such a way that the velocities gained by it 
.in equal times arc equal, its motion is said to be uniformly accele¬ 
rated ; if, on the other hand, its velocity diminishes in proportion 
to the time, the motion is uniformly retarded. We sjcall soon see 
examples of these kinds of motion in the case of falHqg bodies. ., 

„ 20. Inertia.—is a purely negative property of matter;, 

it is the incapability of matter to change its own state of motion ort 
()f rest. 

► Daily observation shows that a body never spontaneously passes 
from a state of rest into one of motion. Bodies in falling to the 
ground seem to set themselves in motion. This is, however, not in 
consequence of any inherent property ; but, as we shall afterwards 
sec, because they arc acted upon by the force of gravity. 

Notmerel^' do bodies at rest persist in .a state of rest, but bodies 
when put in motion by the action of any force continue to move. 
This principle may s^^ less obvious than the former, because 
we are accustomed to see bodies gradually move more slowfy, 
and ultimately stop, as is the case with a billiard-ball, for ex¬ 
ample. But this is not due to any inherent preference for a state 
of rest on the part of the billiard-ball, but because the motion 
originally imparted to ^ is impeded by the friction of the cloth on 
w'hich it rolls, and by^tpe resistance of the air. The smaller these 
rc^stances, the more prolonged is its motion ; as is observed, for 
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instancy, if a ball be set rolling on a sipooth sheet of ice.* If all 
impeding causes could be removed, such As friction against the 
supports and the resist.'ince of the air, a body once in motion would 
continue to move for ever. Only in the case of the heavenly bodies 
afe such conditions met with. 

21. Effects due to inertia.—Numerous phenonlena may be 
explained by the inertia of matter. P'or instance, before leaping 
a ditch we run towards it, in order that the motion of our bodies 
at the time of leafing may add itself to the muscular effort then 
made. • 

On descending carelessly from a carriage in motion, upper 
part of the body retains its motion^ whilst the feet are pre^gented 
from doing so by friction^gainst the ground ; the consequence is 
we fall towards the moving carriage. . . 

If a man, in running, strides his foot against an ob|»^a^i;f'&^'s4 
apt to fall forwards, because the rest of his bodji** tends .to 
retain the motion it has acquired. When a horse at full galfdp 
suddenly stops, if the rider does not sit tight with his knees, he is' 
thrown over the Horse’s head, in virtue of his inertia. A grind.stone 
only gradually acquires its full speed, but then continues its motion 
even after the force has ceased to act. 

The terrible accidents on our railways are rhiefly due to inertia. 
When the motion of the engine is suddenly stopped, by a train 
leaving^ the lihe for instance, the carriages strive to continue the 
motion they had acquired, and in doing so are shattered against 
each other. 

The action of projectiles is another case. When a bullet • 
traverses a wall, it is owing to its tendency to retain the velocity 
which the explosion of the powder had imparted to it. In the 
'action of hammers, and of pile-driving, we have analogous cases. 

A coin is laid on a card which covers a wide-nccked bottle ; on 
flipping or snatching the card away the coin drops into the bottle ; 
the motion of the card is so rapid that it is not imparted to the 
coin. A bullet fired, against a window-pane makes a clean hole in 
it,•while the pane is smashed by a less violent blow. So, too, a 
bullercan be shot through a board placed vertically without over- 
. tumsag^it, for which otherwise only the smallest fyee might be 
needed. ♦ . I'l 

The actions of beating a coat with a dust; of 

shaking the snow from our shoes by kicking^^tsn^n 4^>r-post; 
of cleaning a dusty book by striking it again^ another, all depend , 


I* 
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on inertia. Driving a haop^ spinning a top^ and other toys are 
further illustrations. * 

22. Force, resistance.—Bodies being of themselves^ inert, 
and having no tendency to change their, state either of rest or 
.of motion,(any cause capable of making them pass from a state 
of rest to one of motion, or conversely from a state of motion to 
one of rest, is called a force.) 

The attraction exerted between the molecules of bodies and the 
muscular action which men and animals bring iftto play are forces ; 
magnetic and electrical attractions and repulsions are forces; 
gravity m,a. force, as is also the elasticity of gases and vapours, 
whieft we shall subsequently deal with. 

(The forces which tend to resist or Sestroy motion are called 
resistance) Thus, when a man drags a burden along the ground, 
the friction of the burden against the ground acting against the force 
due tC> hfiPmuscular action is a resistance. 

When-force is applied to a body motion of the body will ensue, 
unless the applied force is balanced by an equal force acting in the 
opposite direction. The weight of a book resting on a table is a 
force acting vertically downwards which is exactly balanced by the 
reaction of the table acting vertically upwards. When a- body is 
not supported, gravity causes it to fall vertically ^ith uniform 
acceleration, which at the same place is constant for all bodies and 
is called ,4'-. In general, when a force P is applied to a body of 
mass /«, and causes that mass to move with acceleration «, we have 
the relation P -- ina. If the force acting is the weight of the body, 
the acceleration is .ff, and the formula becomes W - mjr, 

23. Friction.—Suj)pose a wooden box, A, the bottom of which 
is planed smooth, to be placed on a wooden table, B, also smoothly 
polished, and that to the bt)x is fastened a string which passes 
ovei a pulley, C, and to it is attached a scale-pan, D (fig. 6). If 
the box be Soaded so that the total weight is too ounces, for 

instance, it will be found 
that weights must be 
added to the scale-p^n 
until the total weight is 
about 50 ounces, in dVder 
to move the box in a 
parted to i “ horizontal direction along 

the table. If the total 
weight of the box be‘200 ounces, the weight required to move it 
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will be 100 ounces. If the table were a.perfectly smooth polished 
iron plate, and the bottom of the box were shod with the same 
material, a weight of only 30 ounces would be sufficient to move 
the box. 

% The resistance which is thus offered to motion is called friction. 

The surfaces of bodies are never perfectly smooth ; even the 
smoothest possess roughnesses which cannot be detected by the 
touch or by ordinary sight; and friction consists in the fact that 
the body must be foised over these obstacles or must break them 
down. They fit in each other as if they were todlhed wheels. 

fThe number which tells what proportion of the totai weight 
must be applied simplj^ to overcome friction is called tlfce co¬ 
efficient of frictioni'\ Thus, the coefficient of friction between polished 
wooden surfaces is, as we have seen, about one half,''between 
polished iron surfaces about one third, and so on. The friction 
between two substances of the same kind is greater *than " that 
between two different ones which have different structures. 

Friction is of two kinds ‘.'sliding^ in which one body slides over 
another^as in the above case, or when a box is dragged along a 
floor—it is least when the two surfaces are always in contact, as in 
the motion of an axle in its bearing ;/and rolling friction, as when 
a cylindrical^ody moves over a horizontal surface, like an ordinary 
wheel on a road. In cycles the axles are made to play on ball 
bearings so as to diminish friction. ^ 

In all machines, part of the work is expended in overcoming 
the unavoidable resistance due to friction ; it is thereby converted 
into heat (313), and thus becomes useless ; to lessen this friction, the • 
surfaces in contact are rubbed with substances, usually of a fatty 
nature, which fill up the inequalities and make the surfaces smooth. 
Moisture and oil increase the friction of wood, for they are absorbed 
by it ; while tallow, soap, and blacklead lessen it. Oil and lard 
lesson the friction of metallic surfaces. Rolling ffiction is less 
than sliding friction, hence the use of castors on pianos and other 
heavy furniture, and of rollers placed under large blocks of 
stone or trunks of trees. This, however, is not always so ; thus a 
sledge experiences less friction on snow than a carriage, for in this 
case the wheels sink, and friction on the sides resu Jts. It is some¬ 
times desirable to increase friction, as when • ^ sand are 
strewn on ice, or on a steeply inclined rd^o»^^ “V.^i^ ain. or when 
a violin bow is rubbed with resin; agai^fbTfifliyis sometimes 
changed into sliding friction, in order to increase it, as when a drag 
• 12 
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is applied to a wheel. Thje friction of carriage-wheels is less, the 
greater the diameter ot the wheel and the less that of the axle. 

The work done in moving goods along a level road consists in 
overcoming friction. On a good road the friction amounts to a 
twentieth, and on iron rails to a two-hundredth part of the loach; 
so that a horse or an engine can draw ten times as much on the 
latter as on the former. 

Friction is independent of the extent of the surfaces in contact 
if the pressure is the same. Thus, suppose a b6ard with a surface 
of 12 square incHfes resting on another board to be loaded with* a 
weight flfcone pound. If this load be distributed over a similar 
boarcTof 24 square inches surface, the total friction will be the 
same, for while the friction per square inch is one-half, the 
pressure on each square centimetre is one-half of what it was 
before. So, too, a rectangular stone experiences the same friction 
whether if^s laid on the narrow or on the broad side. 

Without friction on the ground neither man nor animals, 
neither ordinary carriages nor railway carriages, could move ; with¬ 
out friction motion could not be transmitted by bands from one 
machine to another; without it no book would remain on a desk, 
no nail could be fixed ; and without it we could hold nothing in 
the hands. 

Gases also, and still more liquids, offer frictional resistance to 
motion. If it were not for the resistance offered by the air, a hail¬ 
stone half an inch in diameter, falling from the height of a mile» 
would hcive a velocity of over 400 feet in a second, or that of a 
pistol bullet, whereas its actual velocity is probably not more than 
one-twelfth of this amount. 

In a descent made by the aeronaut Sirel in a parachute (168) 
he took forty-five minutes to fall through a height of 5,900 feet; 
apart from friction by the air, the time required as calculated from 
the laws of filling bodies would have been nineteen seconds, so 
tliat the rate of falling was only Til) of what it would be in a 
vacuum. * 

For moderate velocities the friction varies approximately as 
the square of the velocity; for greater velocities more nearly as 
the cube. 

It is this resistance which so greatly increases the difficulty and 
cost of attaining h speeds in steam-vessels, to which must 

be added th^prodd^jt jn of waves on the surface and of eddy 
currents. 
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Without friction no knot could be. made, and no woven or 
knitted fabric would hold together. Friction enables us to form 
long tlyeads or ropes from the comparatively short fibres of cotton 

hemp; for it is the friction due to the twisted fibres which 
keeps the materials together. A violin-bow is rubbed with resin, 
so that by increasing the friction against the strings it may put 
them in motion. 

24. Distinctive characters of forces.—Three things are to be 
distinguished in e^ry force—the point of application, the direction, 
and the intensity. 

The point of application of a force \s the point at whiqji^t exerts 
its action. - Having attached a cord to a sledge, as shown inffig. 7 
the poinFof application oJ' the force acting along it is the point A, 
at which the cord is actually attached. 

The direction of a force ie the right line along which it urges 
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or tends to urge the point of appluation. In fig. 7, the cord AB 
represents the direction of the force. 

The intensity of a force is its magnitude, or value, in reference 
to a certain standard. In fig. 7, which represents a horse drawing 
a cask on a sledge, a certain exertion of force is ijtfjuired on the 
part of the horse ; if the sledge were loaded twice or thrice as much, 
the force required must be twice or thrice as great. 

Forces which only act for a very short time on a body,as in the 
case of an impact or the explosion of gunpowder, are called instan¬ 
taneous forces ; those which act throughout the whole of the move¬ 
ment are called continuous. These are not two kinds of forces, 
but simply two modes of action of forces.! ' 

25. Measurement of force. Dynamoi^t€r.—'Pile force which 
a motor (34) develops in pushing or drawing a body is measured 
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by the number of pounds^ necessary to produce the same pull ; 
so that a force is said to be a force of 40 or 50 pounds, when it 
can be replaced by the action of a weight of 40 or 50 poun(|s. 

The weight which thus represents the intensity of a force iy 
.determined by means of the dynamometer. There are severai 
forms of this instrument, one of the simplest being that represented 
in fig. 8. It consists of a V-shaped plate of tempered steel, AB. At 
one end of the arm B is fixed an iron arc, which passes freely 
through an aperture at the end of the arm hsr To this latter is 
I fixed an arc, w, fitting in the same manner in the arm B. The 
arc m i^.rovided at the end with a crook, and n with a ring, and 


c 



on the latter, //, there is a graduation obtained in the following 
manner:— 

The apparatus being fixed to a resisting support, weights of 1,2, 
3, 4, or more pounds are successivx'ly suspended to the crook. The 
arm B, supported by the arc «, remains fixed, while the arm A, 
being moved by the weight attached to the arc m^ is lowered to an 
extent dependent on tfib weight. The load is gradually increased 
until it has reached the utmost limit possible without breaking, care 
being taken at each load to mark a line on the arc n at the point 
at which the arm A stops. 

In order to apply it to the measurement of forces—to estimate, 
for instance, the effort tessary to drag a load (fig. 9)—the crook 
of the arem is fixed to. lice load ; then, holding in the hand the ring 
of the arc «, it is pulled until the load is moved. The bending of 
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the arm A marks on the arc n the valiie^in pounds of the effort of 
traction. • 

In^this way, for instance, the pull exerted by a horse in drawing 

L plough may be measured by attaching one end to the plough 
d the other to the whipple-tree. The amount of pull in average 
soil and average depth of ploughing may be taken at about five 
hundredweights. In like manner, the friction of steel upon smooth 
ice has been determined by a skater holding in his hand a spring 
balance attached <0 a cord by which he was drawn along by a 
second skater. At starting the spiral showed a pull of ro to 11 
pounds, but during the motion this varied from 2 to ^pounds. 
As the weight of the skater was 1 36 pounds, the coefficient ^ fric¬ 
tion during the motion W!is ^ to or I ‘5 to 3 per cent. 

The apparatus described (fig. 8) may also be used instead, of a 
balance to determine the weight of bodies. 


Fir. 10. 

A form of dynamometer used to test the muscular strength of • 
the hands is rc[)rescnted in fig. 10. It is an elH])tical steel spring 
which is pressed betw’een the hands : the motion thus produced is 
transmitted by means of a rackwork to a small toothed-wheel 
which moves an index over a scale. This indc.x moves a second 
one, which slops at the division attained, and remains.there after 
the compression has ceased. 

' Sailer’s Spring Balance is another form of dynamometer. It 
consists of a stiff spiral of wire like a corkscrew, fixed at its upper 
end and carrying below a hook for suspending weights, and a 
pointer which moves over a graduated scale. As the elongation of 
the spring is proportional to the stretching force, the amount of the 
latter may be read off from the uniformly^raduated scale. 

36. Resultant and component forces.-nWhen a body is acted 
^upon by only a single force, it is clear that, if it is not hindered by 
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any obstacle, it will move in the direction of this force ; but if it is 
simultaneously acted uf)on by several forces in different directions, 
its own direction will not, speaking generally, coincide with that of 
any one of these forces. If two men, for example, on the opposite 
> banks of a river, tow a boat by means of ropes, as shown in fig. 11, 
the boat follows neither the direction All nor the direction AC, 
in which these men arc respectively pulling, but takes an inter- 
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mediate direction, AE ; that is, it moves as if it were acted upon 
by a single force in the direction AE. ^ 

As the single force, which we conceive as having the direction 
AE, produces the same effect as the forces of traction of these 
tw'O men, it is called the resultant of these two forces ; and, con¬ 
versely, these, in reference to their resultant, arc spoken of as the 
components. 

27. Value of the resultant of two concurrent forces. Paral¬ 
lelogram of forces. When two forces having different directions 
arc applied to the same point of a body, as represented in fig. 11, 
there is a very simple ratio between their intensities and that of 

their resultant, which is of 
great importance from the 
number of its applications. 

It will first of all be 
necessary to define the word 
parallelogram, of w'hich we 
shall make use. The paral¬ 
lelogram is a gcoinetri lal figure, whose opposite sides arc equal 
and parallel (fig. 12) r-that is, the two lines AB and DC are equal 
and' parallel, and also the lines AD and DC. These lines form 
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the sides of the parallelogram, and the points A, B, C, D, the 
angles. The diagonal is the line AC, joining two opposite angles 
A ancl(,C. 

In treatises on mechanics, proofs are given of the following 
portant theorem, which is known as the principle of the paraU 
leh eram of f o rces . ( - 06 ) 

When two forces 
applied at the same 
point A (fig. 13) lire 
represented., in direc¬ 
tion and in magni¬ 
tude., by the sides AI 3 
and .AD of the paral¬ 
lelogram ABC D, 
their resultant is 
represented both as to 
its direction and 
magnitude by thc^ 
diagonal AC of this 
parallelogram. 

That is, that the 
point A beii^^ simul¬ 
taneously acted upon by two forces, whose directions and intensities 
are respectively represented by ABand AD, moves in the directiop 
AC exactly as if it were acted upon by a single force, the direction”' 
and intensity of which arc represented by the line AC. 

F*requent applications are met with of the principle of the« 
parallelogram of forces. Thus, in the flight of a bird, when the 
wings strike against the air, a resistance is offered which is equal 
to impulsive forces from back to front in the direction AH and AK 
(fig. 14); hence, representing by AB and AD the intensities and 
directions of these impulsive forces, if the paralleld^ram be com¬ 
pleted, we shall find that the resultant, or the single force which 
makes the bird advance, is represented in direction and magnitude 
Tjy the diagonal AC. The same reasoning applies to the swimming 
both of men and of fishes. 

28. Another effect of the parallefogram of forces. We have seen 
that, in accordance with the principle of the parallelogram of forces, 
two forces applied at the same point of zftiody may be reduced to 
a single one. By the aid of the same principle, a single force 
applied to a body may be considered to be replaced by two other 
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forces producing together .the same effect as the first. This force 
is then said to be resolved into two others. 

It is but seldom indeed thnt the action of a force is ^tirely 
utilised \ it may almost always be considered as decomposed 

into two others, only 
one of which pro¬ 
duces a useful effect. 
Thus when the wind 
bldws against the 
sails of a vessel, not 
quite directly, but a 
little on one side, as 
shown in fig. 15, the 
effect of the wind in 
the direction %>a may 
be considered to be 
resolved into two 
others, one in the 
direction ftf, and the 
other in a lateral 
direction ba^ of which 
the first moves the 

vesucl. The sciond only guides it. 

, 2<). Cases in which the forces are parallel. Value of the 
resultant. - In tin* tasc of the boat drawn by a rope (fig. 11), the 
forcc!^ were conctirrent —that is, their directions, if produced, would 
meet in one point ; but it may happen that the forces applied to 
the same body are parallel, and then two cases present themselves : 
that is, they either act in the same direction, as in the case of two 
horses drawing a carriage ; or they may act in opposite directions. 
When a steamer, for instance, ascends a river, the current acts in 
opposition to the force which urges the steamer. It can be proved 
that in the first case ihc resultant of the forces is equal to fheir 
sum ; and that in the ^cond it is equal to their difference. 

. Thus, if the st)ced of a Rhine steamer is 10 miles an hour, and 
the velocity of the current is 2^ miles an hour, then the steamer 
will go with the current at the rate of 124 miles, and against it at 
the rate of 7 ;J miles an hour. 

30. Equilibrium of f^ces.—When several forces act upon a 
body at the same time, they do not always put it in motion ; it may 
happen that while some of these forces tend to produce motion in a 
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certain direction, the others tend to prgduce an equal motion in 
the opposite direction. It is clear that in this case, since the forces 
just nqptralise each other, no effect can be produced. Whenever 
several forces applied to the same body thus mutually neutralise 
each other, we have what is called equilibrium. 

The simplest case of equilibrium is that of two equal and op¬ 
posite forces applied at the same point of a body For instance, 
if two men pull at a cord with the same intensity, one in one direc¬ 
tion, and the othei*in the, opposite one,equilibrium will Ije produced 



^ Fig. 15. 

(fi^. 16). In like manner, if, in a well, two bucket'- of the same 
size, each full of water, are suspended at the end of a rope whit li 
passes round a pulley, the weight of one holds the other in equi¬ 
librium. 

The bodies which we consider ordinarily to be in a state of rest 
are really in a state of equilibrium. For instance, w’hcn a body 
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rests on a table, there is equilibrium between the force of gravity, 
which tends to make the body fall, and the resistance which the 
table offers to the fall. If the weight of ftic body exceed this re¬ 
sistance, equilibrium is destroyed, the table is broken, and the body 
falls. 
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31. Centrifugal force.-pThe force to which curvilinear motion, 
or motion in a circle, is due, is called centrifugal force. It may be 
explained as follows. Whenever a body has been put in niotion 
in a particular direction, it tends, owing to its inertia, always to 
move in this direction. Hence, whenever a body is seen to move 
in a circle, this can only be due to some new force which 
deviates it. In fact, since a curved line may be considered to 
consist of a series of infinitely small straight lines, the moving 
body, owing to its inertia, always strives to foflow the prolonga- 

♦ tion of the small straight line, or tangent^ which it traverses 
at any given moment. It tends then to retain its motion in a 
straigi.t line, and to fly from the curve which it is compelled to 
describe. This action is called the centrifugal force^ from two 
Latin words which signify ‘ to fly from the centre.’ Thus, when a 
stone in a sling is swung round and one end (fig. 17) is let go, 
the stone, IjJeing no longer held, flies off in a tangential direction'. 

k must, however, be observed that th e term centrifugal forf^ 
though justified by usage, is^no^ strictly speaking, corresJ ; it is 
not a physical force, having a distinct existence of its own, but is 
a fictive one which conveniently designates the effect of the inertia 
of bodies ; indeed the effect is not properly centrifugal, since it 
consist^ii^ motion tangential to the circle. 

The production of centrifugal force in circular mbtinn may be 
demonstrated by means of the apparatus represented in fig. 18. 
On a brass frame AIJ is stretched a stout brass wire, on which are 
slid two ivoiy balls which can move freely along the wire ; the balls 

ft being arranged as shown in the figure, the frame is rapidly rotated 
by means of the turning-table. The balls, projected by the centri¬ 
fugal force, glide along the wire, and strike the ends with the greater 
force the greater the velocity of rotation. 

32. Effects of centrifugal force.—The centrifugal force is greater 
the greater thb velocity, and the more marked the curv'ature of the 
line along which the movable body passes. It is indeed propor¬ 
tional to the square ^f the velocity, and is inversely as the radius 
of the circle described. This is easily observed by swinging in a 
circle a ball attached to a string: the more rapid the velocity 
of rotation the greater is the pull on the hand. For this reason, 
railways should be as straight as possible, for, since the trains 
have a great velocity, the centrifugal force is continually tending to 
throw them off as they move along a curve, and the more so the 
sharper the curve. On mountain railways the outer rails are always 
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higher than the inner ones. Skaters, too, in describing circles on 
ice, offer a resistance to centrifugal force by inclining the body 
inwards. 

Owing to centrifugal force the mud which adheres to the wheels 
of a carriage moving along a muddy road is thrown off as soon as 
the centrifugal force is greater than that force 
which causes the mud to adhere to the rim. In a 
circus, the horses and their riders always incline 
their bodies towards the centre, and the greater 
the speed the greater their inclination. The 
object of this is to allow their weight to counteract 
the influence of the centrifugal force, which would 
throw them off if they stdbd upright. 

In sugar-refineries, centrifugal force is applied 
ih removing syrups from crjj^talliscd sugar. The 
sugar is placed in a cylindrical vessel made of 
wire gauze, which is put in rapid rotation. The 
centrifugal force scatters the coloured syrup 
through the meshes of the gauze, while the solid 
crystals are left behind colourless and pure. The 
same principle is applied in drying guncotton, 
and also in drying yarns in dye. works and clothes 
in large laufldries. A wet mop made to turn 
quickly abotill its own handle as an axis throws the 
water off on all sides, and quickly dries itself. 

^ A hoop trundled along the ground may move, 
for a long time before falling ; but if we attempt to 
keep it upright while in a state of rest, it at once 
falls. The reason of this is that while in motion, if it inclines to one 
side, the inclination causes it to describe a curved line, whence 
arises a centrifugal force which opposes the fall of the hoop—at 
any rate, so long as it retains a sufficient velocity. • 

If a bucket containing water suspended by a cord is swung 
round with sufficient rapidity in a vertical circle, the water does 
dot fall out even when the bottom is uppermost, for the centrifugal 
force is, in the conditions named, greater than gravity. 

33. Flattening of the earth at the poles.—Ojie pf the most 
remarkable effects of centrifugal force is the flattening of the 
earth at the two poles. To explain this phenomenon we must 
premise that the earth, which is nearly spherical in form, rotates 
about an imaginary axis passing through its two poles, and that in 
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thib rotation all points on the surface have not the same velocity, 
seeing that they do ftot describe the same paths in the same 
time. For, at the equator, they describe every twenty-fouj" hours 
a circumference equal to that of the earth ; on the other hand, 
points taken at increasing distances from the equator gradually 
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describe smaller and smaller circles, while points at the poles have 
no such motion. Hence, owing to the daily rotation about the 
earth’s axis, a centrifugal force is produced which is greatest at the 
equator, and gradually diminishes up to the poles, where there is 
none at all. Owing to this inequality in the strength qf the centri- 
fiugal force, there must arise an accumulation of matter about the 

equator, especially if, as geologists con¬ 
sider, the earth was originally in a state 
of fusion. 

It has, in fart, been ascertained by 
direct determination (66) that the radius 
of the earth at the polos is less than 
that at the equator by about the 
latter, or 13A miles. A similar flattening 
has been observed in other planets, 
t 'I'o demonstrate this bulging at the 
equator and flattening at the poles, use 
is made of the apparatus represented in 
fig. 19. It consists of an iron rod, whic^ 
may be fixed upon a turning-table 
instead of the piece AB (fig. 18). At 
the bottom of the rod are fixed four thin, elastic, metal strips, 
which are joined at the top to a ring which can slide up and down 
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the rod. The ajiparatus being then put in rapid rotation, the upper 
ring slides down the rod, to an extent depenTiing on the rapidity of 
the rotation ; and if this is siiflfidently rapid, the separate impres¬ 
sions of the indi¬ 
vidual strips coalesce 
into a single one 
which presents the 
appearance of a solid 
ellipsoidal figure. • 

. This flattening of 
the earth at the poles, 
and bulging at the 
equator, may also be 
easily illustrated with 
an actual liquid by 
means of an experi¬ 
ment of Plateau. The 

apparatus for this pur- ^ 

pose consists of a 

cubical glass vessel, in the lid of which is a handle to which a rod 
is attached (fig. 20). The vessel contains dilute alcohol, and a 
small quantity of oil is introduced at the end of the rod by means 
of a suitable pipette. The oil is of the same specific gravity as the 
mass of lic^id, and it forms a sphere which is quite stable 
(fig. 21, a). 



a it < 

Fig. PI. 


If such a sphere is formed about the end 01 the wire, and this 
is turned, the oil is set in rotation, and the flattening is very marked 
(fig. 21,^). If the speed is increased, a mass of oil is detached and 
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fomis about the central nucleus a concentric ring which suggests 
that of the planet Sattfrn (fig. 21, c). 


0 LEVERS 

34. Mechanics. Machines. —Mechanics is the science which 
treats of forces and of motion. Several forces being applied to 
the same body, it indicates the relation which jnust exist between 
them in order to produce equilibrium, or in order to produce a 
given effect. 

Any apparatus which serves to transmit the action of a force is 
a machine ; and any force which moves ontends to move a machine 
is a 7 notor. In cutting an apple with a knife, the hand is the motor, 
and the knife which transmits its action is a machine. A horse 
drawing a^art is a motor, and the cart which utilises the force ol 
the horse in conveying loads is a machine. The watercourse 
which works a wheel, the wind which turns a mill, and the steam 
which moves a locomotive, are all motors ; and the water-wheel, 
the windmill, and the locomotive are all machines. 

Machines cannot increase the power of a motor. The useful 
effect of a machine can never exceed that of the mechanical effort 
applied to it: whatever is apparently gained in power by a machine 
is lost in distance or in time. By modifying the action of th^ 
power, however, a machine renders it capable of performing wor^ 
which the power alone could not do. For instance, by the aid of ^ 
lever, a man can raise weights which without such help would 
quite impossible. By means of a crane a man can even raise a 
locomotive weighing as much as twenty tons. Machines are either 
simple or compound. 

The simple machines are the lever, the wheel and axle, the 
pulley, the inclined plane, the wedge and the screw. All com¬ 
pound machines are modifications of these. 

In reality there ai^only two essentially different machines—the 
lever and the inclined plane ; the wheel and axle and pulley are 
modifications of the foimer, while the screw and the wedge depend 
on the principle of the latter. We shall only describe here the 
lever, the simplest of all machines, and its modification, the wheel 
and axle. The balance, which is an example of the lever, will be 
treated later (50). 

35. Levers.—A lever is a rigid bar of wood or of metal movable 
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about a fixed point or edge, called the fulcrum ; and subject to the 
action of two forces which tend to move it*in opposite directions. 
The fierce which acts as motor is called the pcne/cr, and the other 
the resistame. Levers are divided into three classes, according to 



P 

« Fig. 22. 


j,the different positions of the power and resistance in reference to 
the fulcrum. 

A lever of the first kind is one in which the fulcrum is between 
the power and the resistance. Fig. 22 represents one of this kind, 



Fig. 23. 

in which the power Q is exerted at B, the resistance P acts at A, 
while C is the fulcrum. 

A lever of the second kind has the resistance between die 
power and the fulcrum, as in fig. 23. 
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A lever of the kind is one in which the power is 

applied between the resistance and the fulcrum, as represented in 
fig. 24. f. 

■ In these different kinds of levers, the distances from the fulcrum 
? to the power and to the resistance are called the arms of the 
'^^er. In fig. 22, for instance, the arm of the power is the 
i •itiistance from C to B, and that from* C to A is the arm of the 
resistance. 

36. Conditions of the equilibrium of levers.-^It may be shown 
“that the effect proliuced by a force by means of a lever increases 



with the length of the arm upon which it acts : that is, if the arm 
is twice, thrice, or foiy times as long, the useful effect is two, three, 
or four times as great. This is what led Archimedes to say that, 
give him a fulcrum, and he would lift the world. 

Since a force produces a greater effect the longer the arm 01 
the lever, it follows that in order to produce equilibrium between 
the power and the resistance, acting at the same time on a lever, 
if the anus are equal, the two forces themselves must be equals 
and that if the aims' of the lever are unequal, the two forces must 
be inverse^as the amis of the lever ; thus, if the power is one third.. 
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that of the resistance, the arm of the should be three times 

as long as that of the resistance. 

In^ lever of the third kind the power must be always greater 
than the resistance, for the distance of the resistance P from the 
fiJcrum AC (fig. 24) is always greater than the disjtance BC frqf^ 
the power B to the fulcrum. In a lever of the second kind 
power is always smaller than the resistance, for the arm BC is 
longer than the arm AC (fig. 23). These properties are expressed 
by saying that in^ lever of the third kind there is a loss of power,^ . 
and in one of the second kind a gain. In a lev A* of the first kind 
there may be either gain or loss, or they may just balance each 
other, for the arm BC of^he power (fig. 22) must be either greater 
or less than, or equal to, the arm AC. 

37. Various applications of levers.—Numerous applications of 
the different kinds of levers <irc met with in articles of everyday 
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use. The ordinary bakince (fig. 41) is a lever of the first kind, as 
is also a pump-handle. Scisso'-s are another instance : bach 
handle is a lever, the fulcrum of which is the pivot C ; the power 
is applied by the hand, and the resistance is that offered by the 
material to be rut (fig. 25). 

Among levers of the second class may be enumerated the oar 
of a rowing boat ; the power is applied by the hands of the rower, 
the resistance is at the rowlock, while the fulcrum is situated at 
the end of the blade of the oar where it is in contact with the water. 



Fig. 26. 

The knife fixed at one end, and used in slicing roots or cutting 
bread, is a lever of the second kind. Nut-crackers (fig. 26) 
afford a third illustration, as also does the common wheel¬ 
barrow', 

, When two porters carry on a pole a load pl^|jy|(^ njidway 
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between them, they shar^it equally—that is, each bears half—for 
the pole becomes a lever, of which each porter is a fulcrum 
as regards the other ; but if the load be nearer one th^n the 
other, he to whom it is nearer bears proportionally more of its 
weight. 

^^Thc consideration of this kind of lever explains why a finger 
<PII|[ht near the hinge of a shutting door is so severely crushed. 

The third kind of 
levei^ is less frequently 
met with. The pedals 
used in grindstones are 
instances. In the latter 
case the pedal consists 
of a wooden board AC 
(fig. 27) forming a lever 
The fulcrum is at C, on 
a bolt fixed to the 
frame; the power is 
the foot, B, of the man 
turning, and the resist¬ 
ance, which is the 
motion to be trans¬ 
mitted to*the wheel, is 
applied at A by means 
of a rod joined to a 
crank in the centre of» 
the stone. 

In the common fire- 
tongs each leg is a lever 
of the third kind. The hand of a man pushing open a gate while 
standing near the hinges, moves through much less space than 
at the end of the gate, and must exert, therefore, a proportionally 
greater force. In determining the coefficient of expansion of a 
metal bar, the very small motion of the bar is multiplied by an 
arrangement of this kind. 

The most beautiful and numerous instances are met with 
in the muscular system of men and animals, most motions of 
which are effected by levers of the third kind. Thus, in cracking 
a nut by the teeth the resistance is that offered by the nut, the 
fulcrum is the articulation of the jaw, while the muscle is the 
power. ^ 
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■ The biceps muscle, by coxitracting ^ very slight extent, can 
move the hand through a yard or more. A 
contraction of about an inch of the muscles of 
the hip gives a man’s step a length of four 
feet. 

The wheel and rt,i 7 c(fig, 28) is an application 
of the lever. A rope to which the power P is 
applied passes round a groove in the circum¬ 
ference of the wWfecl, while another rope, which 
supports the weight Q, is coiled in the opposite* 
direction round the axle. Thus the power is to 
the weight as the radius of the wheel is to Fig. 

that of the axle : that is, if the radius of the wheel 
is four times that of the axle, the power can sustain four times its 
own weight. • 
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CHAPTER IV 

GRAVITATION 

f 

38. UiUTersal^attraction. —It is stated that Newton, seeing ap 
apple fall from a tree, was led by this circumstance to reflect upon the 
cause jwhy bodies fell to the ground, and ultimately to the discovery 
of the important laws which govern the irfotion of the earth and of 
the stars. 

They may be thus stated ;— 

1. AHJi 0 ics^in^nocture exert a reaproccLl attraction upon 
other at all distances^ in virtue of which they are continually tending 
towards each other. 

2. For the same distance the attraction between bodies is pro¬ 
portioned to their masses. 

. 3. The masses bcinc; equals the attraction varies with the dis¬ 
tance^ being inversely proportional to the square of their distances 
asunder. < 

To illustrate this, we may take the case of two spheres, which 
a^ttyact each other just as if their masses were concentrated in their 
Centres. If, witliput any other alteration, the mass of one sphere 
were doubled, trebled, etc., the attraction between them would be 
doubled, trebled, etc. If, however, the mass of one sphere bcin^ 
doubled that of the other were increased three limes, the distance 
between their centres remaining the same, the attraction would be 
increased six times. If, finally, without altering their masses, the 
distance betwften their centres were increased {\on\ i to 2, 3, 4 . . . 
units, the attraction would be diminished to the 4tli, 9th, 16th, . . . 
part of its former amt^nt. 

39. Gravitation. — The term gravitation is applied more 
especially to the attraction exerted betw'een the heavenly bodies. 
Tlie sun, being that member of our planetary system which has the 
largest mass, exerts also the greatest attraction, from which it 
might seem that the earth and the other planets ought to .fall into 
the sun in consequence of this attraction. This would indeed be the 
case if they were only acted upon by the force of gravitation ; but. 
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owing to their inertia, the original impulse which they once received 
constantly tends to carry them away from tfie sun. The result is 
that th| planets describe curves round the sun which are almost 
circular, their tendency to move along a straight line being con¬ 
stantly controlled by the attraction which the sun exerts upon them. 

40 . Gravity. —It is a matter of common observation that all 
bodies on the surface of the. earth fall to the ground when not 
supported. This is what we mean by saying that ixidies possess 
weight. The fore# in virtue of whi^ bodies fall is called gravity. 

It* is a particular case of universal attraction, jMid is due to the 
reciprocal attraction exerted between the earth and bodies placed 
on its surface ; it acts equally upon all bodies, whether they 9 ce at 
rest or in motion—whether they are solids, liquids, or gases. Some 
bodies, such as clouds and smoke and balloons, appear not to be 
influenced by this force, for tjicy rise in the atmosphere instead of 
sinking ; yet this is no exception to the action of gravity, but is 
due to the fact that air possesses weight, and produces on bodies 
immersed in it a buoyancy which is sometimes equal to, and some¬ 
times greater than, the effect of gravity. 

(iravity, being a particular case of universal attraction, ac,ts 
upon bodies proportionally to their mass and inversely as the square 
of their distance—that is, a body which contains twice or thrice as 
much matter^s another is attracted by the earth with a twofold or 
threefold for^c, or, in other words, weighs tw'ice or thrice as much. 

In like manner, if one and the same body could he moved to tw'ice 
or thrice its present distance from the centre of the earth, it would 
have one-fourth or one-ninth of its present weight. We say the , 
centre, and not the surface, of the earth ; f<jr it is demonstrated in 
treatises on mechanics that the attractive force of the earth which 
causes bodies to fall must be calculated from its centre, being the 
same as it would be if the whole mass of the earth were concen¬ 
trated at its centre. » 

From the magnitude of the earth’s radius, w 4 iichis about 4,000 
miles, all bodies on its surface may be considered to be virtually at the 
^me distance from the centre, and we may therefore conclude that 
their difference in weight is merely due to their difference in mass. 

41 . The weight of a body increases from the equator to the 

poles_The magnitude of the force which makes bodies fall is not 

exactly the same at all points of the earth’s surface. Two causes 
make it increase from the equator to the poles : tlic daily rotation 
of the earth about its a.\is and the flattening at the poles. For the 
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rotation of the earth rise to a centrifugal force acting from 
the centre to the surface—that is, in the opposite direction to the 
force of gravity. Hence, bodies are continually acted upon, by two 
forces in opposite directions : the force of gravity, which draws them 
towards the centre, and the centrifugal force, which tends to drive 
them away from it. So that it is really the excess of the first force 
over the second which makes bodies fall. Hut as the centrifugal 
force decreases from the equator towards the poles (33), the excess 
of gravity over this force becomes greater, and^hus the weights of 
bodies increase ate they come nearer the poles. 

The flattening of the earth concurs in producing the same effect; 
for, ^n consequence of it, bodies on thg surface of the earth are 
at the poles 13^ miles nearer the centre than they are at the 
equator, and are therefore more attracted. It must be added that 
the increase in weight due to the joiist effect of these two causes is 
very smaff—thus, a w^cighi of 1,000 at the equator would be 1,003 
in 'OUT latitude and 1,005 the poles. It cannot be detected by 
ordinary balances, for gravity would act both on the weight and 
on the body to be weighed, A body suspended, however, to a 
delicate spring balance would indicate slightly different weights, 
according as it was nearer to or further from the poles, or ciccording 
as it was at a greater vertical distance above the earth. 

42. Vertical and horizontal lines.—At any point of the earth’s 
surface the direction of gravity—that is, the line which a falling 
body describes - is called the 7w/f{«/line. 'I’he vertical lines drawn 



at different points of the earth’s surface converge very nearly to 
the earth’s centre. Hence, owing to the great distance from the 
surface of the earth to its centre, these verticals may be assumed 
to be pa^llcl for points on the surface, a and b (fig. 29), not far 
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apart ; but they are less parallel the ftyther apart the points, as 
shown by the verticals a and d. For points situated on the same 
incridjjin the angle contained between the vertical lines equals the 
difference between the laiiiudcs of those points. 

. At each point on the surface of the earth, a man standing 
upright is in the direction of the vertical. But, as we have just seen, 
this direction changes from one place to another, and the same is 
the case with the position of the inhabitants of the various countries 
on the earth. As %he earth is spherical, it follows that at two points 
exactly opposite, two men will be in inverted positions in reference 
to each other ; from which is derived the term antipodes (opposite 
as regards the feet) given to two diametrically opposite plfftes or 
to the inhabitants olf suefi. 

{ A plane or a line is said to be horizontal when it is perpendicular 
to the direction of the vcrticjil. ' The surface of water in a state of 
equilibrium is always horizontal. In speaking of the kfvel (99) we 
shall learn how the horizontally of any surface or line is deter¬ 
mined. 

43. Plumb-line.—The vertical line at any point of the globe is 
generally determined by the plunih-hnc or plummet (fig. 30), which 
consists of a weight attached to the end of a flexible 
string. In obedience to the action of gravity, this 
weight draffs the string in the direction of this 
force, and ^’hen it is at rest the string is in the 
vertical direction, which is that of a heavy body 
falling freely, and therefore of gravity. To ascer¬ 
tain by aid of the plumlj-line whether a given 
surface--a wall, for example- is vertical, a small 



Fig. 30. 


metal plate is used, the side of which is equal to 
the diameter of the weight. In the centie of this 
plate is a small hole, through which passes the 
string. Holding in one hand the plate and in the <1 
other the string, the edge of the plate is pressed 
against the wall: if the w'cight just touches it, the 
•wall is vertical; if the cylinder does not touch the wall, it shows 
that the wall is inclined inwards ; it is inclined outwards if the 
weight touches the wall when the plate is a little removed from it. 

44. Weight of a body.- The weight of a body is the sum of 
the partial attractions which the earth exerts upon each of its mole¬ 
cules. We must again distinguish between the weight and the mass 
of a body (22). The latter is constant, while the weij|ht depends 
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on the greater or less distance of the body from the earth. Thus, 
at a distance of fourlim*es the earth’s radius from the centre, a ball 
which on the surface weighed a pound would only weigh an ounce, 
while if we conceive it fired in that position from a gun it would 
have the same penetrative power as if fired with the same velocity 
on the earth. The weight of a body must increase with its mass; 
that is, if it contains twice or thrice as much matter, its weight 
must be twice or thrice as great. The weight of a body is not to 
be,confounded with g ravity ; this is the cause which produces Jhe 
fall pf bodies j the weight is only the effect. We shall presently 
see how weight is determined by means oif the balance ; the force 
of gr&/ity is measured by the aid of the pendulum. 

45. Centre of gravity.—We have scen^hat all the partial attrac¬ 
tions which the earth exerts upon each of the molecules of a body 
are equivalent to a single force, whicj) is the weight of the body. 
Now, it is_ shown in mechanics (that, w'hatever be the shape of' 
any.body, there is always a certain point through which tfns single' 
force, the weight, acts, in whatever position the body be placed in 
respect to the earth ; this point is called the centre of gravity of 
the body.) 

* 'I'o find the centre of gravity of a body is a purely geometrical 
problem ; in many cases, however, it can be at once determined. 
For instance, the centre of gravity of a straight piece of wire is 
its middle point; in the case of a circular lamina and of a sphere 
it coincides with tlie geometrical centre; in cylindrical bars it is 
the middle point of the a.^is ; in a square or a parallelogram it is 
at the })oint of intersection of the two diagonals. These rules, it 
must be remembered, presuppose that the several bodies arc of 
uniform density. 

^ 46. Experimental determination of the centre of gravity.— 

The centre of gravity of a body may also be found by experiment- 
When its weight is not too great, it is suspended by a string in 
two different position:^ the centre of gravity of the body is neces¬ 
sarily below the point of suspension, and therefore in the prolonga¬ 
tion of the vertical cord which sustains it. If, then, in two different 
positions, the vertical lines of suspension be prolonged, they cut 
one another, and the point of intersection is the centre of gravity 
sought. The centre of gravity of a body is not necessarily in the 
mass of a body itself—thus, in a shell it would be in the centre of 
the hollow space. 

In the case of thin, fiat substances, like a piece of cardboard or 
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a sheet of tinplate, the centre of gravity qjayjDe found by balancing 
the body in two different positions on a horizontal edge ; for in¬ 
stance, ^sliding them near the edge of a table until they are ready 
to turn in either direction (fig. 31). The centre of gravity is 
thep on the line 
ab. Seeking, in 
a similar manner, 
a second position 
of equilibrium, in* 
wlwch the line 
of contact is cd^ 
for instance, the 
centre of gravity 
must necessarily be 

on both these lines j... ^ 

— that is, must be • # 

at the point of their intersection, ; or, more accumtcly, a little 
below tins point, in the interior of the body, and at an equal distance 
from its two faces. 



If the body be thicker, 
three positions of equilibrium 
must be found \ the centre of 
gravity is theft at the point 
of interscctidh of the three 
planes passing vertically 
through the lines of contact 
when the body is in equili¬ 
brium. 

47. Equilibrium of heavy 
bodies.—As the centre of 
gravity is the point where the 
whole action of gravity is 
concentrated, it follows that 
whenever this point rests 
ttJ)on any support, the action 
of gravity is counterbalanced, 
and therefore the body re¬ 
mains in equilibrium. There 
are, however, several cases. 
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according as the body has one or more points of support. 
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only possible when die centre of gravity either, coincides with 
this point or is exactly above or below it in the same vertical 
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line ; for then the action of g|jjivity is 
balanced by the resistance of the fixed 
point through which this force passes. 
'I'lic plumb-line (fig. 30) is a case of 
this kind, the centre of gravity being 
below the point of support Another 
example is the cas« of a stick balanced 
on the finger, as seen in fig. 32, • in 
which the letter g indicates the posi¬ 
tion of the centre of gravity exactly over 
the point of support As soon as the 
stick is out of the vertical, its centre of 
gravity is lower, and the stick falls, if 
care be not taken to bring the point of 
support below the centre of gravity, by 
which equilibrium is restored. A long 
stick is more easily balanced than a 
short one, for the centre of gravity of 
the former has to fall through a greater 


distance, and there is more time to adjust the point of the 


support. • 

1/the body has two points of support, it is not *ne('cssary for 



equilibrium that its centre of 
gravity coincide with either of 
these points, or be exactly above 
or below ; it is sufficient if it be 
exactly below or above the right 
line which joinsthese two points, 
for the action of gravity may 
then be decomposed into two 
forces applied at the points of 
support, and destroyed by the 
resistance of these points. •A 
man on stilts (fig. 33) is an 
example of this case of equi¬ 
librium. 


^ Lastly, if a body rests on the 

ground by three or more points of support (fig. 34), equilib^mJs 
prodtTCet^whenever the centre of gravity is within the base foxmsd 
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by these points {)f support; that is, whoever the vertical let fall 
from the ccntfC 'of g^ravity to the earth is within the points of 
buppor^; for, gravity cannot then overturn the body beyond its 
points of support, and its only effect is to settle it more firmly on 
the ground. 

48. Different states of equilibrium.—Although a body supported 
by a fixed point is in equilibrium whenever its centre of gravity 
is in the vertical line through that point, the fact that the centre'of 
gravity is always tending to occupy the lowest possible jiositipn 
leads us to distinguish between three states of equilibrium-, 
unstable^ neutral. 

\ A .body is said to be in stable equilibrium if it tends to Ustum 
to its first position after the equilibrium has been slightly disturbed. 
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''Every body is in this state wben its position is such that the 
slightest alteration of the same elevates its centre of gravity; for 
the centre of gravity will descend again when permitted, and after 
a few' oscillations the body will return to its original position. 

The pendulum of a clock continually oscillates about its position 
of stable equilibrium, and an egg on a level table is in this state 
when its long axis is horizontal. 

An interesting illustrative experiment can be simply made by 
means of a cylinder of pith or of cork loaded at the bottom by half a 
lead bullet (fig. 35); if this is moved from its original position, so 
that it is horizontal, the centre of gravity, G, being moved from the 
vertical, quickly returns to it, bringing the cylinder to its original 
, position. , , 
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A body is said to be^in unstable equilibrium when, after the 
slightest disturbance, it tends to depart still more from its original 
position. -' A body is in this state when its centre oi gr|vity is 
vertically above the point of support, or higher than it would be in 
any adjacent position of the body. An egg standing on its end, 
or a stick balanced upright on the finger, is in this state (fig. 32). 

Another illustration is that of a disc of wood with a small mass 
of lead near the edge. If placed on a plane slightly inclined, so 

that tht' vertical from the 
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centre of gravity, G (fig. 36), 
is a little in front of the point 
of contact, O, the disc will 
rfse up the plane but will 
stop, and move down when 


y /7 ^ the Vertical passes through 
Fig. 36. point of contact, Oj. In 

reality the centre of gravity during the ascent has fallen from G to G,. 

Neutral.equilibrium.\^k liody is in a state of neutral equilibrium 
when it remains at rest in any position which may be given to 
it. This can only be the case when an alteration in the position 
of the body neither raises nor lowers its centre of gravity.) A 
perfect sphere resting on a horizontal plane is in this state. 

Fig. 37 represents three cones, A, B, C, placed i^spectively in 
stable, unstable, and neutral equilibrium upon a horizontal plane. 
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The letter g in 
each shows the 
p<isition of the 
centre of gra¬ 
vity. 

, 49. Examples 
of equilibrium.— 
It follows, from 
what has been 


said, that the wider the base on which a body rests, the greater is 
its stability for then, even with a considerable inclination, S. 
vertical line through its centre of gravity still falls within its base. 

The well-known leaning towers of Pisa and Bologna are 
so much out of the vertical that they seem ready to fall at any 
moment; and yet they have remained for centuries in their 
present position, because the perpendiculars let fall from their 
centres of gravity are within the base. Fig. 38 represents the 
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tower of liologna, built in the year iii2^ant| known as the Gari- 
senda. Its height is 165 feet, and it is 7 or 8 feet out of the vertical. 
The leajiing is due to the foundations having given way. The tower 
on the side is that of Asarelli, the highest in Italy. 

In the cases we have hitherto considered, the position of the 
centre of gravity is fixed; this is not the case with men and 



animals, whose centre of gravity is continually varying with their 
attitudes, and with the loads they support. 

JVhen a man, not carrying any load, stands upright, his centre 
of gravity is about the middle of the lower part of the pelvis—that 
is, between the two thigh-bones. This, however, is not the case 
yith a man carrying a load ; for, his own weight bein^ added to 
/■ 
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that of the load, the common centre of gravity is neither that of 
the man nor of his burden. 

In this case, in order to retain his stability, the man must 
so iuodify his attitude as to keep his centre of gravity directly 
above the base formed by his two feet. Thus, a porter with a load 
on his back is obliged to lean forward (fig. 39); a stout person in¬ 
clines somewhat backwards ; while a man carrying a load in one 
hand is obliged to lean his body on the opposite side (fig. 40). 

Again, it is impossible to stand on one leg H we keep one side 
of the foot and^head close to a vertical wall, because the latter 
prevents us from throwing the body’s centre of gravity vertically 
abeC e the supporting base. 



Fig. 39. Fig. 40. 


. In the art of rope-dancing the difficulty consists in maintaining*-'' 
the centre of gravity exactly above the rope. In order more easily 
to accomplish this, the performer holds in his hands a long pole, - 
which, as s^n as he feels himself leaning on one side, he inclines 
towards the opposite ono; and thus contrives to keep the centre of 
gravity common to himself and to the pole in a vertical line above 
the rope, and so preserves his equilibrium. 

A broad waggon is more stable than a narrow one ; and in 
lotiding a waggon, the heaviest goods should be in the bottom of 
the waggon, so that the centre of gravity of the whole may be as 
low as possible! 

' A boat is more easily upset when it is loaded to a great height; 
or when ^ person stands up in it, than when he is seated. 
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The stability of a body is greater the greater the work required 
to overturn it, so that the pyramidal form is very stable ; for the 
same dimensions columns of wood are more easily upset than those 
of stone or of iron. 

A quadruped stands firm when the centre of gravity of his 
entire body lies over and within the square which is formed on the 
ground by his feet. If a man raises his arm, the centre of gravity 
is displaced ; if a bird stretches out its neck, its centre of gravity 
is moved forwards. • 

■Men stand less firmly than quadrupeds ; they learn to walk 
with greater difficulty, and in doing so must continually balance 
themselves, and with any loss of consciousness at once fall ovft. 

50. The balance.—The*balance is an instrument for determin¬ 
ing the relative masses of bodies,’^and since in one and the same 
place the weights are propQrtional to the masses, it serves to 
determine the weights. • 

The ordinary balance (fig. 41) consists of a lever of the first kii>d, 
called the with its fulcrum in the middle ; at the extremities 

of the beam are suspended two scale-pans^ D and C ; one intended 
to receive the object to be weighed, and the other the counterpoise. 
The fulcrum consists of a steel prism, ?/, commonly called a knife- 
edge^ which passes through the beam, and rests with its sharp edge^ 
ov axis of suspfnsion^vc^QW two supports ; these are formed of agate 
or of poiished*stecl, in order to diminish the friction. A needle or 
pointer is fixed to the beam, and moves with it in front of a 
fixed, graduated arc ; when the beam is perfectly'horizontal, the 
needle points to the zero of the graduated arc. 

Since two equal forces in a lever of the first kind cannot be 
■^►•equilibrium unless their leverages are equal (36), the length of 
the arms nh. and nB ought to remain equal during the process of 
weighing. To secure this, the scales are suspended from hooks, 
whose curved parts have sharp edges, and rest on sim^^ar edges at 
the ends of the beam. In this manner the scales are supported on 
what are practically mere lines, which remain unmoved during the 
oscillations of the beam. This mode of suspension is represented 
in fig. 4T. 

The weight of any body is determined by placing it in one of 
the pans of the balance—D, for instance—and adding weights to 
the other until equilibrium is established, which is ‘the case when 
the beam is quite horizontal. 

& 51. Conditions to be satisfied by a g^ood balance.^4sA good 

/ 
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balance should be accurate —that is, it should give exactly the 
weight of a body ; if should also be delicate —that is, the beam 
should be inclined by a very small difference between the weights 
in the two scales. 

Conditio ns o f a ccurax^. i. The two arms of the beam ought to 
be precisely equal', otherwise, according to the principle of the lever 
(36), unequal weights will be required to produce equilibrium. To 
test whether the arms of the beam are equal, weights are placed in 
the two scales until the beam becomes horizor^al; the contents of 



the scales being then interchanged, the beam will remain horizontal, 
as shown by the ind^, if its arms are equal, but if not, it will sink 
on the side of the longer arm. ^ 

ii. The balance ought to be in equilibrium when the scales are 
empty', for, otherwise, unequal weights must be placed in the 
scales in order to produce equilibrium. It must be borne in mind, 
however, that the arms are not necessarily equal, even if the beam 
remains horizontal when the scales are empty j for this result might 
also be^roduced by giving to the longer arm the lighter scale. 
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iii. The beam being horizontal^ its centre (f gravity ought to be 
in the same vertical line with the edge of the fulcrumy a little 
below tl^e latter; for, if the centre of gravity coincided with this 
line, the resultant action on the beam would be null, and the beam 
would not oscillate. If the centre of gravity were above the edge 
of the fulcrum, the beam would be in unstable equilibrium ; while, 
if it is below the fulcrum, the weight of the beam is continually 
tending to bring it back to the horizontal position as soon as it 
diverges from it, anA the balance oscillates with regularity. 

^Conditions of delicaxy. i. The centre of gravity of the beam 
should be very near the knife-edge ; for then, when the beam is 
inclined, its weight, only acting upon a short arm of the l^er, 
offers but little resistance to the excess of weight in one of the pans. 

ii. The beam should be light; for the friction of the knile- 
edge upon the supports is smaller the less the pressure. In order 
more effectually to diminish friction, the edges from irhich the 
beam and scales are suspended are made as sharp as possible, and 
the supports on which they rest are of some very hard material, 
such as steel or agate. 

iii. Lastly, the longer the beam the more delicate is the balance; 
because the difference in the weights in the pans then acts upon a 
longer arm of the lever. 'I'hc balance is one of the most accurate 
and delicate offphysical instruments. 

For the fifter chemical and physical operations—such, for ex¬ 
ample, as those used in determining the standards of weight and 
measure balances of extreme delicacy are required*. Instruments 
of this kind have been constructed which, for a weight of one 
kilogramme in each pan, will turn with an excess of a tenth of a 
fmtlhgramme- that is, will indicate a difference of a ten-millionth 
in the weight of the body. 

0 52. Method of double weighing.—Notwithstanding the inac¬ 
curacy of a balance, the true w'cight of a body ma^ always be 
determined by its means. The body to be A\'eighed is placed 
in one sCiile, and shot or sand poured into the other until 
etfUilibrium is produced—an operation which is called taking 
the tare ; the. body is then replaced by known weights until 
equilibrium is re-established. The sum of these w'cights will 
necessarily be equal to the weight of the body, for, acting under 
precisely the same circumstances, both have produced precisely 
the same effect. 

Or the body to be weighed is placed in the left |^an, and 
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weights added] to theti'ight one until equilibrium is obtained ; the 
body is next placed in the right pan and the weights in the left. 
If the weights in the two cases do not differ much, the tru'* weight 
of the body is their arithmetic mean. 

0 53. The steelyard.—This instrument is in principle a lever of 
the first kind (35). The fulcrum (fig. 42) is at C, and the load, P, 
is suspended at A, so that it acts on the short arm of the lever, 
AC. The longer arm, BC, is graduated into equal parts, and 
the weight, Q, with its ring-formed knife-edge, D, is moved along 
the sharp edge* of this arm until a position is found in which 



Fir. 42- 


it just counterbalances the load. It follows from the principle 01 
the lever that the smaller weight acting through the longer distance, 
BC, is equivalent to jthe greater weight acting through the shorter 
distance, AC. The weight of the lever itself is allowed for in the 
graduations on BC. 

This instrument is also known as the Roman balance ; it has 
no great sensitiveness : it should show a difference of of the 
load. 

f 54. Weighing-machines.—One of the forms of these instru¬ 
ments, which are of frequent use in railway-stations, coal-yards, 
etc., for*<freighing Heavy loads, is represented in fig. 43. It consists 
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of a platform, A, on which the body to be weighed is placed, and 
to which an upright, B, is fixed j the whole rests on a frame, HE, 
by the following mode of suspension. 

To flie upright, E, are adapted two i^ieces of iron, which support 
a beam, LR, by the aid of a knife-edge, which traverses it at O. 
The two arms of the beam are unequal in length; one of them 
supports a scale, 1), in which are placed the weights ; the other 
arm of the beam has two rods, by which is suspended the movable 
part, AB. In ordea* to relieve the knife-edge which supports the 
platform, and to avoid a shock when it is unloaded after a weigh- 



) /• 
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ing has been inndc, tlie arm, OR, is lifted by riiising*a support, r, 
which is below the beam, by means of the handle, M. Two 
indicators, and //, the first fixed to the frame and the second to 
lihe beam, show' when the beam is horizontal. 

'I’o understand the working of the mechanism, reference must 
be made to ng. 44, in which the ])rincipal parts only are repre¬ 
sented. A lever, ///, which bifurcates underneath the platform, 
rests at one end on a double knife-edge, /, and at the other on the 
lower end of the rod, L/i, w'hich is fixed to the beam. A second 
lever, rests at s on the lever t/i, attached at ^ to ^Jie rod ag, 

ft 
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which is also supporUid Ijy the beam. Lastly, the distance is being 
the fifth of iA, aO is also a fifth of OL. 

From this division of the two levers, iA and OL, into propor¬ 
tional parts, two important consequences follow. First, that, when 
the beam oscillates, the points a and ^ being lowered by a certain 
amount, the points L and A are lowered five times as much. But, 
for a similar reason, since the lever iA oscillates upon the knife- 
edge 2, the knife-edge s is lowered one-fifth as much as the point 
and therefore just as much as g. The* lever eg^ therefore, 
descends parallel to itself, and therefore also the platform A. ' 
Secondly, it follows, from the proportional division of the 



Fig. 44. 


levers OL and* f//, that the pressure at the point of suspension, 
exercised by the load on the platfonn, is independent of the 
place which it occupies on the latter, so that it just acts as if it 
wore applied along the rod ag. This may be deduced from the 
properties of the lever by a simple calculation, which cannot, 
however, be given here. 

Lastly, since the weight is applied at rt, the longer the arm of 
the lever OC as compared with Oa, the smaller need be the weight 
in the scale D in order to produce equilibrium. In most weighing- 
machines Ort is the tenth of OC. Hence the weights in the scale 
D represent onc-tenth the weight of the body on the platform. 
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« CHAPTER V 

LA*WS OF FALLING BOOIES. INCLINED PLANE. •THE PENDULUM 

■Hi 55 - Laws of falling bodies..—When bodies fall in a vacutftn— 
■k^that is, when they experience no resistance—their fall is subject to 
j the following laws :— 

* I L The space traversed by a falling oody in a giwn time is 
‘Proportioned to the square of that time —that is, that if the space 
traversed in a second is i6 feet, in two seconds it will be 64 feet— 
that is, four times as much—and in three seconds nine times as 
much, or 144 feet, and so on. 

III. The v elocity acquired by a falling body is proportioned to' 
the duration of its y?*//-—that is, that if the velocity at the end of a 
second is 32 ftet, at the end of two seconds it Is twice 32, or 64 
feet, at the end of three seconds 96 feet, and so forth. 

To demonstrate the first law by experiment, a glass tube abou|, 
two yards long (fig. 45) may be taken, having one of its ends 
completely closed and a brass stop-cock fixed to the other. Aften 
h.aving introduced bodies of different weights and densities (piece* 
of lead, paper, feather, etc.) into the tube, the air is withdrawn from| 
it by an air-pump, and the stop-cock closed. If the tube be now§ 
suddenly turned upside down, all the bodies will fall equally quickly! 
On introducing a little air, and again inverting the tulJb, the lightci| 
bodies become slightly retarded, and this retardation increases witlr 
the quantity of air introduced. 

* It is, therefore, ctmcluded that terrestrial attraction, which is» 
the cause to which the fall of bodies is due, is equally exerted on 
all substances, and that the difference in the velocity with which 
bodies fall is occasioned by the resistance of the air, which is more 
perceptible the smaller the mass of bodies and the greater the . 
surface they present. 

The Sto-ubbach, in Switzerland, is a good illustration of the 
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resistance opposed b>’ the. air to falling bodies: an immense mass of 
water is seen falling over a high precipice, but before reaching the 



bottom it is shattered by thc^air into 
the finest mist. In a vacuum, how¬ 
ever, liquids fall like solids. 

The water-hammer (fig. 46) illus¬ 



trates this : the instrument consists 
of a thick glass tube about a foot 
long, half filled ‘with water, the air 
having been expelled by ebullition 
previous to closing one extremity 
with the blowpipe. When such a 
tube is suddenly inverted, the water 
falls in one undivided mass against 
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Fig. 46. 


the other extremity of the tube, and produces a sharp, dry sound, 
resembling that which accompanies the shock of two so^id bodies. 
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The slowness with which feathers soap-bubbles fall is a 
further illustration of the resistance of the air. 

Th| other laws of falling bodies are verified by the aid of the 
inclined plane (fig. 48) and of Atwood’s machine (figs. 49-57). 

, 56. Inclined plane.—Any plane surface more or less oblique in| 
reference to the horizon is an inclined plane ; such is that of am 
ordinary desk and of most roads. 

When a body rests on a horizontal plane, the action of gravity 
is entirely counteracted by the resistance of this plane. This, 
however, is not the case when it is placed upon an inclined 
plane. 

To understand this, let BAC (fig. 47) represent the priifbipal 
section of an inclined plaSe, BC being the height' awA BA tha length 
of the plane ; the ratio of the height 
to the length is called the si^e of the 
inclination, that is, of the angle BAC. 

Let M be a body, which we will 
.assume is spherical, resting on such 
a plane. Its weight P may be resolved ( 
into two forces (27), one, Q, perpendi¬ 
cular and the other. F, parallel to the 
inclined plane ; the only effect of the former is to press it against 
the plane without imparting to it any motion, while that of F is 
to make the*body move down the plane. 

To arrive at the value of F, let a line GH be drawn which 
represents the weight of the body. Complete the parallelogram 
DGEH ; the force F is then represented by the line GI). Then 
since the triangles and ABC are similar, as having equal 

angles, it follows that F : -= BC : BA ; that is, that the ratio of 

the force tending to move the body along the plane is to the whole 
weight as the height of the plane is to its length ; that is, is equal 
to the sine of the angle BAC, so th.at by diminishifig the height 
of the plane we can make the body descend as slowly as we wish. 

The jninciple of the inclined plane is made use of in rolling 
tic .'i\'y casks into or out of ii w.'igon by means of two strong 
beams connected by iron ties. 

A horse drawing a c.arriage on ;i road where there is a rise of 
one in twenty is really lifting one-twentieth of the load, besides 
overcoming the friction of the carriage against the ground (23). 
Hence the importance of making roads as level as possible. For 
this reas^ a road up a very steep hill is made to wind or zigzag 
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all the way ; and an intelligent driver, in ascending a steep hill on 
which is a broad road, usually winds from side to side. 

^ 57. Demonstration of the second law of falling bodies^ by the 

inclined plane. —Galileo’s experiment. When bodies fall freely, the 
rate at which they do so is so great that the motion could not-be 
followed. Galileo was the first to establish the laws of falling 
bodies by using the inclined plane to slacken or dilute the motion 
of a falling body so as to render it easily observable without 
destroying its nature. He constructed a groovcf'by fixing two stout 
strips of wood about twenty feet in length parallel to each other 
with a narrow gap between them : the edges of the groove thus 
formed were made as smooth as possible,,30 as to diminish frictionj 
and the falling body was a polished bronze ball. By raising one 
end the plane could be inclined at any angle. 



By noting the times required for a body to fall along the plane 
he arrived at the result that if the times are as i : 2 : 3 the corre- 
•,sponding distances are as 1:4:9; that is to say, \\vaX the space tra¬ 
versed by a falling body is proportional to the square of the time 
\during which it has been falHnii. 

■' A simple hiodification of (jalileo’s experiment is made by fixing 
(fig. 48) a long wire tg a vertical support, its free end passing over 
a pulley which can be adjusted at any height; the wire is stretched 
by the weight M. 

' , The moving body consists of two grooved wheels suitably con¬ 
nected, and to it is suspended the weight 1*. 

By varying the ])osition of the pulley the inclination of the 
wire is varictl, and in addition to demonstrating the second law, 
it is easy to show that the accelerating force is proportional to the 
sine of the inclination of the wire. t 



Atwood*s Machine 


59 


-« 8 ] f 

0 58. Atwood’s machine.—The most exact jnethod of establishing 
the laws of falling bodies is by means of a machine devised by 
Atwood, a Cambridge professor. The principle of the machine is 
as follows :—A string passes over a fixed pulley and carries a 
weight at each end. If the weights are equal, say each one pound, 
there will be equilibrium, since each weight is balanced by the 
other. But when an extra weight, say one ounce, is added to one 
side, motion ensues, the moving force being the weight of one 
ounce, and the ma§s moved being the masses at the two ends of 
thre string, in all 33 ounces. Thus, Atwood’s machine is a con¬ 
trivance by which we may cause a small force to act upon a large 
mass, and thus ensure th^ motion being as slow as we like. •if P 
represent the moving force, w the mass acted upon, and a the 
acceleration produced, we have (22) the relation P = wa. 

A convenient form of Atwood’s machine is described in what 
follows. It consists of a wooden pillar about 2J, yards hi|fh (fig. 57). 
On the front of the pillar is a clockwork motion, H, regulated in 
the usual way by a seconds pendulum, P. On the right of the 
column is a graduated scale which 
measures the spaces traversed by 
the falling bodies. Along this 
scale two sliders move, which can 
be fixed by Screws in any posi¬ 
tion ; one o? these has a disc, A, 
and the other a ring, 15 (fig. 53). 

At the top of the column is a brass 
pulley, R, whose axis, instead of 
resting on pivots, turns on the 
crossed edges of four other wheels, 
r, r, r', r\ called friction wheels^ 
since they serve to diminish friction. Two exactly c^ual weights, 
K and K'' (fig. 57), are attached to the end of a fine silk thread 
which passes round the pulley. 

At the top of the column is a plate, «, on which is pdaced the 
falling body (fig. 50). This plate is fixed to a horizontal axis which 
carries a small catch, r, supported, when the plate is horizontal, by 
a lever, ab^ movable in the middle. A spring placed behind the 
dial tends to keep this lever in the position represented in fig. 50, 
while an eccentric, <?, moved by the clockwork, tends to incline 
towards the right the upper arm of the lever ab. The parts are so 

arranged Aat when the clock-hand is at zero of the graduation, the 

# * • 
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lever ah is moved by the eccentric ; the plate n then lets fall the 
body which it sustained (fig. 51). 

First experiment. —A weight K is placed upon the ledg^« (fig. 
50), and it is loaded with an over-weight, which consists of a brass 
strip, m (fig. 55), open at the side so as to let pass a rod fixed to 
the weight K. Then below the ledge n the slider A is placed at 
such a distance that Kw requires a second to traverse the space 
«A, which is easily obtained after a few trials. If the mass m fell 
alone, its own weight would be the force acting ivpon it, and it would 
traverse about feet in a second ; but, under the conditions jof 
the experiment, the weight of m is the force acting upon the whole 
maslj'moved, viz. m+K+K; and hence its fall is the more dimin¬ 
ished, the smaller the mass m as compared with the sum of the 
masses K and K'. 

The experiment being prepared represented in fig. 50, the 
pendulum tjs made to oscillate ; the clockwork then begins to 
move, and when the needle arrives at zero, the plate n drops, the 
weights K and m fall too, and the space «A is traversed in a second 
by a uniformly accelerated motion. The experiment is recom¬ 
menced, the slider A being placed at four times its original distance 
'—that is, that if the distance An were 8 inches (fig. 51), it is now 
32 inches (fig. 52). But here, when the plate n drops, it is found 
that the weight Km requires exactly two seconds t« traverse the 
space An. Increasing the space traversed to 72 inches, the time 
required for the purpose is found to be three seconds. That is, 
that when the .times are twice or thrice as great, the spaces 
traversed are four or nine times as great. 

Hence the distances traversed by a body falling freely under 
the action of gravity are proportional to the squares of the times. ■■ 

Second experiment. —I'o verify the law connecting the rate of 
fall with the time, the experiment is arranged as shown in figs. 53, 
54, and 55 ; <..hat is, the weights K and ni being arranged as in the 
first experiment on the ledge the sliding ring B is placed at a dis¬ 
tance of 8 inches be'fiSw this, and the disc A at 16 inches below B. 
When the ledge n has dropped, the weights K and m still require 
a second to fall from n to B. But then the over-weight m being 
arrested by the ring B (fig. 54), the weight K only falls in virtue of 
its acquired velocity. The motion which was uniformly accelerated 
from o to B (19) is kept uniform from B to A ; for the weight, /«, 
was the cause of the acceleration, and this having ceased to act, 
the acceleration ceases. It is then found that the spacer. ^B, equal 
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to 8, having befen traversed in one second, the space ®A, equal to 
i6, is also traversed in a second. That is, i6 represents the velocity 
. of the uniform motion, which, starting from the point B, has suc¬ 
ceeded to the uniformly accelerated motion. 

The experiment is finally recommenced by placing the sliding 
ring B at the distance 32 (fig. 56), and the sliding disc A at the dis¬ 
tance 32 below B. 'I'he space (?B being then four times as great as 
in fig. 54, the weights K and m require, in accordance with the 
second law, twice the time. But the mass m boing again arrested 
by the slider B, i^ is found that the weight K falls alone and uni¬ 
formly from B to A in one second. The number 32 from B to A 
represents, then, the velocity acquired after two seconds of fall. In 
the first part of the experiment it was ascertained that the velocity 
acquired after one second was 16 ; hence, in double the time, the 
velocity acquired is double. It majj be shown, in like manner, 
that after ^rec times the time the velocity is trebled, and so on, 
thus proving the third law. 

The algebraical expressions for the free fall of bodies are v=^gt{\) 


and s 


~2 


(2), where is the acceleration of gravity, t the time. 


iind s the space fallen through. By simple transfonnation we get 
from these two equations a third equation, =‘ 2 - gs (3). 

We may also by Atwood’s machine verify the formula P = wm, 
when m is kept constant: tliat is, prove that the iftoving force 
acting upon a given mass is directly proportional to the acceleration \ 
produced. To do this, all that is necessary is to move weights from 
the lighter to the heavier side of the string, thus keeping the mass 
set in motion, viz. the sum of the masses at the ends of the string, 
the same, while the moving force, which is the weight of the differ¬ 
ence between them, is gradually inci eased. The acceleration is 
determined after each alteration. 


59. Moriifs apparatus.—The principle of this apparatus (fig. 
58) is to make the falling body trace its own path. It consists of 
a wooden framework, ^bout 7 feet high, which holds in a vertical 
position a very light wooden cylinder, M, which can turn freely 
about its a-xis. This cylinder is coaled with paper divided into 
squares by equidistant horizontal and vertical lines. The lattei- 
measure the path traversed by the body falling along the cylinder, 
while the horizontal lines are intended to divide the duration of 


^the fall into equal parts. 

* The falling body is a mass of iron, P, provided witB a pencil 
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which is pl^ssed against the paper by a small spring. The 
iron is guided in its fall by two ligfit iron wires which pass 
through guide-holes on the two sides. 

'Fhc top of this mass is provided with 
a tijpper which catches against the 
end of a bent lever, AC. This being 
pulled by the string K attached at A, 
the weight falls. If the cylinder M 
were fixed, the pt^il would trace a 
stfaight line on it ; but if the cylinder 
moves uniformly, the pencil traces 
the line;««, from which the law of the 
fall may be deduced. • 

The cylinder is rotated by means 
of a weight, Q, suspended tg a cord 
which passes round the axle G. At 
one end of this is a toothed wheel, r, 
which turns two endless screws, a 
and one of which is connected to 
the axis of the cylinder, and the otlier 
to two vanes .r and x\ At the other 
end of the axle is a ratchet wheel, o, 
in which fits ihc end of a lever, 11 ; 
by pulling rpcord fixed to the otJier 
. end of B, the wheel is liberated, the 
weight Q descends, and the whole 
system begins to turn. The motion 
is at first accelerated, but as the air offers a resistance to the vanes 
(23), which increases as the rotation becomes more rapid, the 
resistance finally equals the acceleration which gravity tends to 
impart. P'roni this time the motion becomes unifoi'm? This is 
the case when the weight Q has traversed about thrte-quarters of 
its course ; at this moment the weight T is detached by pulling 
the cord K, and the pencil then traces the curve wn. 

• If, by means of this curve, we examine the double motion ot 
the pencil on the small squares which divide the paper, we see 
that, for displacements i, 2, 3 . . . in a horizontal direction, the 
displacements are, 1, 4, 9 ... in a vertical direction. This 
shows that the paths traversed in the direction of the fall are 
directly as the squares of the lines in the direction of the rotation, 
which veJfies the second law of falling bodies. 


a?" 
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From the relation whicli exists between the two (dimensions of 
the curve »m, it follows that this curve is 'a. parabola, 

60. Pendulum.—This name is given to any heavy ma^ss sus¬ 
pended by a thread to a fixed point, or to any metal rod mot'able 
about a horizontal axis. The ball, suspended by the thread, 
which is fixed at the top at c (fig. 59), is a pendulum. 

So long as the thread is vertical, which is the case when the 
centre of gravity of the ball is exactly below the point of suspension, 
c, the pendulum remains at rest, for the asistion of gravity is 
balanced by the resistance at this point. This is no longer the case 



when the peftdulum is removed from its vertical position ; when 
it is placed, for instance, in the direction C7i (fig. 60). The ball being 
raised, gravity tends'^o' make it fall ; it returns from « to »/, and 
reaches the latter point with exactly the velocity it would have 
acquired by falling vertically through the height om. The ball, 
accordingly, does not stop atbut, in virtue of its inertia, and of 
its acquired velocity, it continues to move in the direction mp. As 
the ball rises, however, gravity, which had acted from « to w as an 
accelerating force, now exerts a retarding action, for it acts in a 
direction contrary to that of the motion ; the motion, a^ordingly, 
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becomes slowed and the ball stops at a di starve, mp^ which would 
be exactly equal to mn^ were it not for the resistance of the air, and 
also the ifigidity of the thread, cm^ which, as it is, offers a certain 
resistance to being bent about the point r, in passing from the 
position cn to cp^ and vice versa. ' 

This being premised, the moment the ball stops at p gravity, 
acting so as to make it fall again, brings it from p to m, when, 
owing to the velocity acquired in the fall, it rises in effect as far 
as n, and so on. A backward and a forward motion is thus 
produced from n towards and from P towards «, which may last 
several hours. 

This motion is describe^as an oscillating motion. The path*of 
the ball from n to /, or from p to «, is known as a semi-oscillation^ 
a complete oscillation being the motion from n to/, ami from/ to 
n. In France the foimer is known as a single oscillation, and the, 
backward and forward motion as a double oscillation. • 

'I’he extent or amplitude of the oscillation is the distance 
between the extreme and mean positions, cn and fw, and is mea¬ 
sured by the arc, mn. 

61. Simple and compound pendulum.—A distinction is made 
in physics between the simple and the compound pendulum. A 
simple pendulum would be that formed by a single material point, 
suspended by a* thread without weight. Such a pendulum has 
merely a theoretic existence ; and it has only been assumed in 
order to arrive at the laws of the oscillations of the pendulum, 
which we shall presently describe. 

Pi. compound or physualpendulum may be defined to be any 
body which can oscillate about a point or an axis. The pendulum 
described above (fig. 59) is of this kind. The form may he greatly 
varied, but the most ordinary one is a steel or wooden rod (fig. 63) 
fixed at the top to a thin, flexible steel plate, or to a knife-edge 
like ihat of the balance (fig. 41). At the bottom of^he rod is 
a heavy, lens-shaped mass of metal, usually of brass, and known 
as the hob. The lens shape is i)referred to the spherical form, for, 
for the same mass, it presents less resistance to the air. 

62. Laws of the simple pendulum. Galileo.—Whatever be the 
forth of the pendulum, its oscillations are always expressed by the 
following laws. The law that one and the same pendulum makes its 
oscillations in equal times was discovered by Galileo, the celebrated 
physicist and astronomer, at the end of the sixteenth century. It 
is j*elated tMt he was led to this discovery, while still young, by 
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observing the regular motion of a lamp suspended ^ the vault of 
the cathedral at Pisa/ This property of the pendulum has received 
the name of isochronism^ from two Greek words wliich meiin equal 
times, and such oscillations are said to be isochronous. 

H First law, or law of isochroni sm .— The oscillations of one and 
the same pendulum are isochronous—that is, are effected in equal 
times. This law is only perfectly exact when the oscillations are 
of small amplitude, four or five degrees at most; for a greater 
amplitude the oscillation is longer. c 

X Second law,, or law of lengths.—With pendulums of different 
lengths the durations of the oscillations are proportional to the 
square roots of the lengths of the pendulums —that is to say, that if 
the lengths of the pendulums are as i, 9; the times of oscilla¬ 
tions will be as i, 2, 3, 4,; these being the square roots of the 
former set of numbers, ^ 

R A stfi;»ple pendulum 976 inches in length makes an oscillation 
(to orixo motion) in half a second ; while one 156 inches long 
requires two seconds to make a single oscillation. 

X Third law.—If the length of the pendulum remains the same, 
but the substances are different, the duration of the oscillations is 
independent of the substance of which the pendulums are formed— 
that is, that whether of wood, or of ivory, or of any kind of metal, 
they all oscillate in the same time. <, 

Fourth law.— The time of an oscillation oj a given pendulum 
is ■ inversely as the square root of ike force of gravity in the place 
in which the observation is made. 

^ These laws are summed up in the formula t -2 ixxf where 

/ = the time of a complete oscillation, I = the length of the pendulum, 
and g = the acceleration of gravity. 

63. Demonstration of the laws of the pendulum.—In order 
to demonstrate the laws of the simple pendulum we are compelled 
to employ a compound one the construction of which differs as little 
as possible from tliat of the simple one (61). For this purpose a 
small sphere of a very dense substance, such as lead or platinum, 
is suspended from a fixed point by means of a fine wire. A 
pendulum thus formed oscillates almost like a simple pendulum the 
length of which is equal to the distance of the centre of the sphere 
from the point of suspension. 

In order to verify the isochronism of small osciUations, it is 
merely necessary to count the number of oscillations n|ade in equal 
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times, as the i^mplitudes of these oscillations^diminish from pn to 
rq (fig. 61), say from three degrees to a fraction of a degree 
this number is found to be constant. 

It is also necessary to take into 
account the resistance of the air ; this 
is done either by making the experi¬ 
ments in a vacuum or by introducing 
a numerical correction for the purpose. 

That the times •f oscillation are 
proportional to the square roots 01 
the lengths is verified by causing 
pendulums whose lengths are as the 
numbers i, 4, 9, . . . to* oscillate 
simultaneously (AB, fig. 63). The 
corresponding numbers of oscillations 
in a given time are then found to be 
pioportional to the fractions i, 
etc. . . . 1^'hich shows that the times 
of oscillation increase as the numbers 
b 2, 3» • • • ^tc. 

By taking several pendulums of 
exactly equal lengths, B, C, D (fig. 62), 
but with spheses of different sub¬ 
stances, lead, (?bpper, ivory, it is found 
that, neglecting the resistance of the 
air, these pendulums oscillate in equal 
times, thus showing that the accelerating effect of gravity on all 
bodies is the same at the same place. 

64. Measurement of the force of gravity.—The relation which 
the fourth law of the pendulum establishes between the number 
of oscillations in a given time and the force of gravity is used 
to determine the magnitude of this force at differenf places on 
the globe. By counting the number of oscillations which one and 
the same pendulum makes in a given time—a minute, for example 
—m proceeding from the equator towards the poles, it has been 
found that this number continually increases, proving, therefore, 
thai: the force of gravity increases from the equator towards the 
poles. 

The value of the acceleration of gravity (g*) at any place is deter¬ 



mined from |he formula / = 2 tt Z,by observation of t and /. If 
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/ is expressed in seconds and / in feet, is found toi>e in London 
32*19 ; that is, when a body falls freely under the action of gravity 

—the resistance of the air being either 
eliminated or allowed for—it gains a velocity 
of 32*19 feet per second in each second of its 
fall. This is expressed by saying that 
^ = 32*19 feet per second per second. 

The pendulum method is the most accu¬ 
rate method of determining this important 
physical constant. 

Since the velocity which a force imparts 
to a movable body in a given time is greater 
in proportion as the force is greater, the force 
of gravity in different places is measured by 
the velocity wllich it imparts to a body falling 
freely in a vacuum : while at London, as we 
have seen, its value is 32*19, at Paris it is 
32*18, Madrid 32*15, at New York it is 32*16 
at the Equator it is 32*09, and at Spitzbergen 
32-25. 

C 65. Application of the pendulum to 
clocks. -The regulation of the motion of 
clocks is cfTecled by means of jSgnduliims, that 
of watches by balance-springs. Pendulums 
were first applied to this purpose by Huygens 
in 1658, and in the same year Hooke applied 
a spiral s]jring to the balance of a watch. 
The manner of om})loying the pendu-, 
lum is shown in fig. 63. The pendulum-rod passing between 
the prongs of a fork, a, communicates its moti(m to a rod, 
which oscillates on a horizontal a.\is, o. I'o this axis is fixed a 
piece, mn, called an escapemeni or crtifch^ terminated by two pro¬ 
jections or pallets tiSrhich work alternately with the teeth of the 
escapement-wheel^ R. This wheel being acted on by the weij^ht 
tends to move continuously, let us say in the direction indicated by 
the arrowhead. Now, if the pendulum is at rest, the wheel is held 
at rest by the pallet, w, and with it the whole of the clockwork and 
the weight. If, however, the pendulum moves and takes the posi¬ 
tion shown by the dotted line, the pallet, w, is raised, the wheel 
escapes from the confinement in which it was held by tie pallet, the 
weig^ht descends, and causes the wheel to turn until itr motion js 
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arrested by the other pallet, «; which, in* consequence of the 
motion of the pendulum, will be broujifht into contact with another 
tooth of the escapement-wheel. In this manner the descent of 
the weight is alternately permitted and arrested—or, in a word, 
reguiated —by the pendulum. By means of a proper train of 
wheelwork the motion of the escapement is communicated to the 
hands of a clock ; and consequently their motion, too, is regulated 
by the pendulum. 

Hence, to regulate a clock when it goes too slower too fast, the 
length of the pendulum must be altered. If the clock goes too slow, 
it is because the pendulum oscillates too slowly, and the latter must 
therefore be shortened : if, ^n the contrary, it goes too fast, the ^n- 
dulum must be lengthened. This shortening or lengthening is 
usually effected at the top of the pendulum by varying the length of 
the oscillating portion of the»sleel strip by which it is suspended. 
Clocks are provided with a simple arrangement for thi# purpose, 
which, how'ever, I's not represented in the figure. 

A pendulum which makes one (single) oscillation in a second is 
called a seconds fiendulum. Its length is not the same in different 
parts of the earth ; it is somewhat less at the equator than at the 
jyoles. In London it amounts, approximately, to 39T4 inches ; 
at Ilammerfest to 39’i9; at Paris to 39‘i3 ; at New York and at 
Milan to 39*10 4 ncheb ; at the equator to 39*02 indies ; and at the 
Cape of Gootf Hope to 39*08 inches. The average length, 39*11 
inches, is very near that of the metre, which is 39*37 inches. 

Since heat expands bodies, the length of the pendulum will be 
greater in summer and less in winter. Hence a clock w'hich has 
been once regulated for the mean annual temperature will lose in 
suftimer and will gain in winter. How this effect of temperature is 
counteracted by a self-acting arrangement will be seen in the 
chapter on Heat. 

r 66. Determination of the figure of the earth. Richer, a French 
astronomer, found in 1671, in a journey from Paris to Cayenne, 
which is near the equator, that a clock which kept correct time 
in* Paris went more slowly in Cayenne. It lost as much as 2^ 
minutes in a day, an amount greater than could have been due to 
the lengthening of the pendulum owing to the action of heat ; and 
in order to regulate the clock it was necessary to shorten the pen¬ 
dulum by about the i\,th of an inch. The converse phenomenon 
was also ob||erved, that the pendulum which had been regulated to 
be at secojids at Cayenne went too fast at Paris, and had to 
be lengthened to a corresponding extent. 
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The true cause t>f thfs phenomenon was first pointed out by 
Newton, who ascribed it to the fact that the earth was not a perfect 
sphere ; for if it were, then, on every part of the earths surface, 
one and the same pendulum would be at the same distance from 
the centre of gravity and would oscillate everywhere at the “Same 
rate. The fact that in some places it oscillates more slowly than 
in others is a proof that in the former the pendulum is less acted 
on by gravity than in the latter—that is, it is a greater distance 
from the centre of the earth. 

SubsequentVery accurate measurements have established‘the 
faff that the force of gravity does diminish from the equator to 
the poles—that is, the surface of the ^rth at the poles is nearer 
the centre than at the equator, or that the earth is somewhat 
flattened at the poles (41). 

0 67. Metronome.—This is anothfer application of the isochro- 
nism of t*ne oscillations of the pendulum, and is used to mark the 
tfme in practising music. As the time varies in different com¬ 
positions, it is important to be able to var>' the duration of the 
oscillations, which is effected as f(3llows. The bob of the pendulum, 
B (fig. 64), is of lead, and it oscillates about an axis, o ; the rod, 
which is prolonged above this axis, is provided with a weight. A, 
which slides on this rod and can be fixed in any position. This 
weight obviously acts in opposition to the oscillations of the bob, 
B ; for when this tends to oscillate, for instance, from right to left, 
the weight tends to move the rod in the opposite direction, and this 
resistance which it affords to the motion is greater the longer the 
arm of the lever, A/?, on which it acts. Hence the higher the 
weight. A, is raised, the slower are the oscillations. At the base 
of the instrument there is a clockwork motion, which works an 
escapement with such force that, at each oscillation of the pen¬ 
dulum, a tc)f)th strikes strongly against a pallet fixed to the axis, 0^ 
thus producing a regular beat which gives the time. In front of 
the box which contains the mechanism is a scale with numbers, 
indicating the height at which the weight must be placed to obtain 
a given number of oscillations in a minute. In the figure this 
weight is at the number 92, which indicates that the pendulum 
makes 92 oscillations in a minute. 

Q 68. —If we lift a weight from the ground a certain effort 

is required in opposition to the force of gravity, and we are said to 
do work upon it. The work done will clearly depend (|n the weight 
to bf lifted. To lift two pounds will require twice as much effert 
--as to lift one pound. 



- 69 ] B‘'ftergy 71 

It will also depend on the height.through which it is lifted. 
The work of lifting a given weight vertically through two feet is 
twice «is great as through 
one foot. Hence the measure 
of the work done on a body 
against gravity is the product 
of the weight into the verti¬ 
cal distance through which 
it is lifted. * 

The unit of work in this 
country is the foot-pound-. 
that is, the work done^ in 
raising one pound vertically 
through one foot. Twenty 
foot-pounds might thus bfP 
expressed either as twenty 
pounds raised through one 
foot or as one pound through 
twenty feet or four pounds 
through five feet, and so on. 

On the metrical system 
the kilogrammetre is the unit; it is the work done when a weight 
of a kilograiftme is rai.scd through a height of a metre. This is 
equal to 7*23 foot-pounds, and one footpound-= *1383 of a kilo¬ 
grammetre. 

The idea of time does not enter into the idea of work done. 
Whether a labourer takes a day or a week to raise 500 bricks 
through a certain height, he only does a certain amount of work ; 
but the idea of time does affect the rate at which he is paid for the 
work. Hence, in estimating the usefulness of any motor it becomes 
necessary to know the time required by it for doing a ^dven amount 
of work. The amount of work per unit of time is the power of 
the motor. The unit of power is the power required to do a unit 
^of work in a unit of time. For measuring the power of engines 
the unit used is the horse-power.^ which represents a rate of 
work of 33,000 foot-pounds per minute, or 550 foot-pounds per 

second. 

> 69. Energy. —When we have raised a weight p through a height 

h from the ground, we have done/^ units of work on it, and if the 
body is aHowed to fall it will do an amount of work depending on 
*the velocity it acquires in falling. The fact that any agent is 
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capable of doing work is expressed by saying that it possesses 
energy^ and the quantity it possesses is measured by the work it 

can do. ^ 

Wc get a convenient expression for this in the following way. 
The velocity which a falling body acquires on striking the ground 
depends on the height from which it falls. From equation 3 (58) we 
have = zgh. Multiplying both sides bywe have mv^ = 2 mgh ; 

substituting for in its value we get 

This equatio© is one of fundamental importance, and is knoy/n 
as the equation of work. The energy possessed by a body in virtue 
of fts position above the ground is called its potential energy. 
Thus ph represents the potential energy*of a weight p which is h 
feet above the ground. The energy of motion of a body or its 
kinetic energy is measured by half it% mass into the square of its 
velocity, a^d the above equation informs us that the potential energy 
of,a body raised any distance above the ground is equal to its 
kinetic energy when it has fallen through that distance. 

We may illustrate this by reference to the pendulum experiment 
in fig. 61. When the ball is in the position represented by the line 
•cp it has potential energy ; as it falls it acquires kinetic energy, and 
when it is in the position pm its energy is wholly kinetic, which 
enables it to rise to a height on the other side equiil to that from 
which it fell. As it falls the bob loses in potential eftergy what it 
acquires of kinetic energy, and at any point of the path the sum of 
the two forms of energy is constant. 

' 70. Varieties of energy.-- Wc have hitherto only considered 
the case of the work clone by a body falling under the influence of 
gravity. There are, however, many other kinds of physical changes 
which can he produced under a])proj)riate conditions, and the recent 
progress of investigation has shown that the conditions under which 
changes of .'i^l kinds occur are so far analogous to those required 
for the production of work by mechanical forces that the term Toork 
has come to be used in a more extended sense than formerly, and 
is now often used to signify the production of any sort of jjhysical 
change. 

Thus work is said to be done when a body at a low temperature 
is raised to a higher temperature, just as much as when a weight 
is raised from a lowci to a higher level; or, again, woik is done 
when an electric, magnetic, or chemical change is prodifred. 'This 
extension of the meaning of the term work involves a similar 
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extension of the meaning of energy^ which i^i this wider sense may 
be defined as the capacity for producing physical change. 

As examples of energy in this more general sense, the following 
may be mentioned : —(rt) The energy possessed by gunpowder in 
virtjie of the mutual chemical affinities of its constituents, whereby 
it is capable of doing work by generating heat or by acting on a 
cannon-ball so as to change its state of rest into one of rapid motion ; 
{b) the energy of a charged Leyden jar, which, according to the 
way in which the jlir is discharged, can give rise to changes of 
temperature, to chanjjcs of chemical composition, to mechanical 
changes, or to changes of magnetic or electric condition ; (<:) the 
energy of a red-hot biill, which, amongst other effects it is cabbie 
of producing, can raise the temperature and increase the volume of 
bodies colder than itself, or can change ice into water or water into 
steam j id) the energy of the stictched string of a bow: here work has 
been consumed in stretching the string ; when it is released the 
work reappears in the energy imparted to the arrow. 

71. ITransfo r ^^tion of energy.— It has been found by experi¬ 
ment that when one kind of energy disappears or is expended, 
energy of some other kind is produced, and that, under proper con¬ 
ditions, the disappearance of any one of the known kinds of energy * 
can be made to give rise to a greater or less amount of any other 
kind. • 

It has als8 been found that the transformation of energy always 
takes place according to fixed proportions. For instance, when coal 
or any other combustible is burned, its chemical energy, or power 
of combining with oxygen, vanishes, and heal or thermal energy is 
produced, and the quantity of heat produced by the combustion of 
a given amount of coal is fixed and invariable. If the combustion 
takes place under the boiler of a steam-engine, mechanical work 
can be obtained by the expenditure (T part of the heat produced, 
and here again the quantitati^c relation between the heat expended 
and the work gained in place of it is pcrfcctiy constant. 
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0 CHAPTER VI 
c- 

MOLKCULAR ATTRACTION 

72. Cohesion and chemical affinity.—After having dc‘,cribcd, 
under the name of universal gravitation^ the attraction which 
exists betf.»?een the stars and planetary bodies ; and, under that of 
gravity, the attraction which the earth exerts upon all bodies in 
making them fall towards it, we have to investigate the attractions 
which hold together the ultimate particles or molecules of a body. 
TJiese are—chemical affinity and cohesion. 

C ohesion is the force which unites two molecules of the same 
nature ; fo example, two molecules of w^ater or two molecules of 
iron. Cohesion is strongly exerted in solids, less strAn^ly in liquids, 
and scarcely at all in gases. It decreases as the temperature rises. 
Hence it is that when solid bodies are heated, they first expand, 
then liquefy, and are ultimately converted into the gaseous state, 
provided thn heat produces in them no chemical change. 

Cohe'iion varies not only with the nature of bodies, but also with 
the arrangement of their molecules : for example, the difference 
between tempered and untempered steel is due to a diffeience in 
the molecular arrangement produced by tempering. Many of the 
properties of bodies, such as tenacity, hardness, and ductility, are 
due to the modificatio,fl>s which this force undergoes. 

Soldering is due to cohesion ; the surface of the metals must be 
quite clean, which is eflected by removing the layer of oxide with 
which they arc usually coated by acid or by borax. The solder 
when it solidifies only adheres to clean metal surfaces. 

In large masses of liquids, the force of gravity preponderates 
over that of cohesion. Hence liquids acted upon by, the former 
force have no special shape ; they take that of the ve^el in which 
they^arc contained. But in smaller masses cohesion gets the upper 
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hand, and liquids present then the spheroi^lal form. 'CVvis \s seen. 
'\n ramdrops and \n the drops of dew on the leaves of plants ; it is 
also s§en when a liquid is placed on a solid which it does not 
moisten ; as, for example, mercury upon wood. The same result 
may also be obtained with water, by sprinkling upon the surface 
of the wood some light powder such as lycopodium or lampblack, 
and then dropping some water on it. Molten lead, falling from 
a sieve at the top of a shot-tower, acquires the form of perfect 
spherical drops, which it retains on cooling. 

• A very interesting experiment illustrating cohesion consists in 
introducing some coloured olive oil, by means of a pipette, gato a 
mixture of alcohol and water, these liquids being 
mixed in such proportions as to have exactly the 
same specific gravity (f 10) as the oil (fig, 65) : the 
latter does not mix with the turrounding liquid, but 
remains suspended in it as a sphere, which, if the 
experiment is carefully performed, has a larger 
diameter than that of the neck of the vessel. 

In dropping various liquids from bottles it is 
seen that the size of the drops is not the same- - 
that of water is greater than that of alcohol, and it 
is greatest in those in which cohesion is greatest; 
and on thij fact is based a method of measuring the force of 
cohesion in different liquids. 

Chemical affinity or chemical attraction is the force which is 
exerted between molecules not of the same kind. Thus, in w'ater, 
which is composed of oxygen and hydrogen, it is affinity or attrac¬ 
tion which unites these elements, but it is cohesion which binds 
together two molecules of water. In compound bodies cohesion 
and affinity operate simultaneously, while in elementary bodies 
cohesion has alone to be considered. « 

To chemical affinity are due all the phenomena of combustion ; 
when carbon burns, it is affinity which causes it to combine with 
Jthe oxygen of the air to form the gas known as carljonic acid. 
Affinity determines the combination of the elements, so that with a 
small number of them arc formed the immense number of organic 
and mineral substances which serve for our daily uses. 

The causes which tend to weaken cohesion are most favourable 
to affinity|; for instance, the action of affinity between substances 
is facilitated by their division, and still more by converting them to 
• a liquid or gaseous state. It is most powerfully exerted by body 
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in its nascent state—that Is, the state in which the body exists at the 
moment it is disengaj'cd from a compound ; the body is then free, 
and ready to obey tlic feeblest affinity. An increase of temperature 
modifies affinity differently under different circumstances. In some 
cases, by diminishing cohesion and increasing the distance betw^een 
the molecules, heat promotes combination. Sulphur and oxygen, 
which at the ordinary temperature are without action on each 
other, combine to fonn sulphurous acid when the temperature 
is raised. In other cases heat tends to dccolnposc compounds ; 
thus many metallic oxides--as, for e.xample, those of silver and 
mercury—are decomposed by the action of heat, into gas and 
metal. 

73. Adhesion. Adhesion is the term applied to the attraction 
between two bodies when their surfaces are placed in conta<'t 

If two leaden bullets are cut with « penknife so as to form two 
etjual and brightly polished surfaces, and the two faces are turned 

ag^riinst each other until they arc in the 
closest contact, they adhere so strongly as 
to require a force of more than 3 tir 4 ounces 
to separate them. The same experiment may 
be njade with Ivt o pieces of perfectly plane 
brightly polished plate glass, fixed in 
wooden frames, ab^ cd, fig. <50 ; they are 
slid over each other with a cerf^in pressure, 
and then adhere so firmly as not only to 
hold up the lower glass, but a considerable 
weight in addition. In some cases the 
adhesion is so powerful that they cannot be 
separated without breaking. y\s the experi¬ 
ment succeeds in a vacuum, the effect cannot 
be due to atmospheric pressure, but must be attributed to a reci¬ 
procal action between the two surfaces. Adhesion between two 
surfaces is the more complete the longer they have be en in con¬ 
tact, and the greater the pressure between them, and the greater 
the extent of surface ; it is also better the more polished the 
surfaces, and the freer they are from a layer of air or of metallic 
oxide. 

There is no real difference between adhesion and cohesion ; 
thus when two freshly cut surfaces of india rubber arc pressed 
together, they adhere with considerabh* force, and ultimately form 
one compact solid mass. The term adhesion is generally re-. 
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stricted to the case in which the bodies.in contact are of different 
nature. 

Adliesion also takes place between 
solids and liquids. If wc dip a 
rod jnto water, and thcMi withdraw it, a 
drop will be found to collect at its 
lower extremity, and remain .sus¬ 
pended there. As the weight of the 
drop tends to detflch it, there must 
necessarily be some force superior to p 
this weight which maintains it there ; 
this force is the force ofac^esion. It is 
more powerful than that between solids; 
thus, in the experiment represented in s 

fig. 66 if a layer of oil is interposed 
between the plates, wdien pulled 
asunder each plate is moistened by the 
oil, showing therefore that in separat¬ 
ing the plates their cohesion is over¬ 
come, but not the adhesion of the oil 
to the metal. But liquids adhere to 
solids even when they arc not wetted. 

'riius, if a smbolh glass ]ilale be sus- . 
pended horizontally from one arm of a _ 
balance, and be counterpoised, as in 67- 

fig. 67 ; on sliding a mercury level under the ])lale, so that they 
touch, a considerable weight must be placed in the other pan so 
as to detach the plate from the mercury. Snurll drops of mercury, 
too, adhere to the under side of a glass or porcelain jdate. 

To adhesion is due the resistance experienced in lifting vertically 
a flat board placed on water : and to the same force is ascribetl the 
difificuly met with in walking through thick mud. Adhesion is par¬ 
ticularly strong when a liquid is brought in contact with a solid, and 
then solidifies by cooling or evaporation. On this depend the 
operations of glueing, cementing, and soldering. When two pieces 
of glass arc joined by cement, and the operation has been care¬ 
fully performed, it often happens that the pieces of glass are torn 
asunder more easily than the cement. The collection of dust on 
the ceilingi and walls of a room, writing with chalk or with a lead 
pencil, are also due to adhesion. The particles in these cases, 
.however, are easily removed, as they only adhere to the surface 
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laycr. In writing with ink or painting with water colours the 
liquid, carrying with it the suspended solids, penetrates the pores, 
where they are left on the evaporation of the liquid. ^ 

To adhesion it is due that liquids in being poured out of a vessel 
.vare apt to run down the sides. To prevent this, the outer edge is 
greased, or the liquid is allowed to flow along a moistened glass rod. 

The force of adhesion operates also between solids and gases. 
If a metal plate be immersed in water, bubbles will be found to 
appear on the surface. As air cannot penetrate into the pores of 
the plate, the bubbles could not rise from air which had been 
expelled, but must be due to a layer of air which covered the plate 
2.n^i^otstened it like a liquid. 

In many cases when gases are separated in xhG nascent state on 
the surface of metals—as in electrolysis— the layer of gas ^rhich 
covers the plate has such a density that it can produce chemical 
actions more powerful than those which it can bring about in the 
free state. 

‘Many illustrations may be given of the existence of this layer 
of condensed gas. If we trace a figure with the finger on an 
ordinary glass plate, and then breathe on the glass, the figure 
becomes visible. Here the original surface layer had been re¬ 
moved, and then the greater condensation of aqueous vapour on 
the parts from which it was removed brings out the figure. 

If the plate be polished, so as to remove this layer, and an 
ordinary coin be placed on it, on afterwards removing the coin and 
breathing on the glass an impression of the coin is seen. Here the 
layer of gas originally on the surface of the coin diffuses on to the 
glass plate, which thereby becomes altered. Conversely, if a coin be 
polished, and laid on an ordinary glass plate, it will partially remove 
the layer of gas from the parts in contact, so that on breathing on 
the plate the image is visible. 

capiimkity. absorption 

74 - Capillary phenomena.—When solid bodies are placed in 
contact with liquids, molecular attraction gives rise to a class of 
phenomena called capillary phenomena^ because they are best seer 
in tubes so narrow that their diameters arc comparable with that of 
a hair. These phenomena are treated of in physics under the head 
of capillarity or capillary attraction ; the latter expression is also 
applied to the force which produces the phenomena. 
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The phenoniena of capillarity are very various, but may all be 
referred to the reciprocal attraction of tlie liquid molecules for each 
other, and to the attraction between these molecules and solid 
bodies. The following are some of these phenomena :— 

i. When a glass rod is placed in a liquid which wets it—water, for 
instance—the liquid, as if not subject to the laws of gravity, is raised 
upwards against the sides of the solid, and its surface, instead of 
being horizontal, becomes slightly concave (fig. 68). 

ii. If, instead a solid rod, a hollow tube be imniersed in 
water (fig. 69), not merely is the liquid raised around the tube, but 
it rises in the inside to a height which is greater the narrower the 
tube ; and, at the same time, the surface of the liquid inside^the 
tube assumes a concave fBrm. 

iii. If the lube is not moistened by the liquid, as is the case with 
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mercury and glass, the liquid is depressed instead of being raised 
(fig. 70), and the more so the narrower the tube ; and the surface 
which was previously concave now becomes convex. The surface 
of a liquid exhibits the same concavity or convexity against the 
sides of a vessel in which it is contained, according as 4 he sides are 
or are not moistened by the liquid. 

75. Laws of capillarity.— The elevation and depression of 
Hqiiids in capillary tubes, the internal diameter of which does not 
exceed two millimetres, are governed by the following laws 
, I. When a capillary lube is placed in a liquid, the liquid is 
raised or depressed according as it does or docs not moisten the 
tube, and the action is the greater the smaller the diatneter of the 
tube-~X\vd.i\\'s, that if we have two glass tubes, one with a diameter 
of I mm., and the other with a diameter of 2 mm. if the ends are 
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placed in water, it would .rise in the former tube to a height 
of 15 mm., and in the hatter to a height of 30 mm. In a tube 

mm. in diameter it would rise to a height of 300 mm* The 
cells tn plants have a diameter of mm., so that sap rises in 
them with great force. 

II. The height varies with the nature of the liquid^ and decreases 
as the temperature rises. I'hus, in tubes of the same diameter, 

I mm., the heights to which water, turpentine, and alcohol would 
rise would be 30, 13, and 12 mm. respectively. Provided the 
liquid moistens the tube, the material of the tube has no influence. 

76. Effec ts eapillarity.—It is owing to capillarity that 

sap rises in plants, that water is retained m a sponge, that oil rises 

in the wicks 01 
lamps, ink in the 
narrow slit of a 
pen, and melted 
tallow in the 
Ip wicks of candles. 
'' The interstices 
which exist be¬ 
tween the libres 
of the cotton, of 
whieh the wicks 
are formed, act as capillary tubes in which the ascent^takes place. 
In very ])orous Imdies, the pores, being in communication with each 
other, form a series of capillaiy tubes, which produce the same 
effect. If a lumj) of sugar be placed in a cup in which a little 
coffee is left, the liquid is scjen to rise japidly and fill the entire 
pic'ce ; and it is even to be remarked that the sugar then dissolves 
more quickly than if it had been directly immersed in the coffee. 
This IS due to the fact that in tlm latter case the air which fills the 
pores, not bding able to escape so rapidly as if the piece of sugar 
is only partially immersed, prevents the liquid from penetrating 
into the mass of the sugar, and thus retards the solution. If oil or 
ink be dropped on the edge of a book, it penetrates to some distance 
in the leaves. 

In petroleum lamps, the liquid rises by capillary action in th% 
wick to a considerable height above the level in the reservoir; 
olive oil, for instance, could not be continuously burnt|in such a 
lamp, for, being more viscous (84), it does not rise in the capillary 
channels rapidly enough to feed the flame. In oil lamps, as well as. 
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in candles, the flame is just above the reservoir of the liquid which 
feeds them. Petroleum is better suited than olive oil for loosening 
a screw rusted in a nut, since its capillary constant is greater. 

Spiders can often move on the surface of water without sinking 
(fig. 71). Similarly a fine sewing-needle gently placed on water does 
not sfnk. This is a capillary phenomenon caused by the fact that the 
cohesion of a free surface of a liquid is greater than in the interior: 
the surface is, as it were, covered by a stretched liquid membrane 
like that of an elastic skin, and this 
surface layer evax thus support a slight 
weight. If the needle be washed in 
alcohol or ])otash so as to remove the 
slight layer of grease, it i^wetted by 
the water and at once sinks. It is as 
if the surface layer were brok^. 

'J'he existence of this surface ten¬ 
sion may be illustrated by many ex¬ 
periments, such as that show'n in fig 
72. Two light glass rods are con¬ 
nected by threads, which again are 
joined by across thread. When this 
arrangement is immersed in a pro¬ 
perly prepared solution of S'^iip, and 
is then withdiawn, a thin film is 
formed, which, acting by its tension 
on the flexible sides, gives them a circular form. The cross thread 
has no particular shape, but if the part of the film below it be 
broken by means of blotting paper, this, too, assumes the curved 
shape as shown in the figure ; and if it be pulled by another thread 
attached to it, the film stretches, but reverts to its original shape 
after the pull ceases. 

On this experiment is based a ineth()d of determinitig the sur¬ 
face tension of liquids. 

Another experiment by Y;in der Mcnsbnigghe is made by means 
of*a wire frame (fig^. 73), which is immersed in solution of soap, 
such as is used for blowing soap bubbles. On removing the frame 
from the solutkm a thin film is formed across it. Aloo]) of fine silk 
thread moist^cd with the liquid in question is carefully placed on 
the film, ancu assumes any shape (fig. 73, ti). By means of a hot 
wire, the filii. is broken inside the loop, and the silk thread is then 
seen to stretch and^^assume a circular form (fig. 73, b). Before the 
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film inside the loop ms bioken, the surface tension acted equally 
on both sides of the thread, but after its rupture the tension bn the 

outer side of the thrfad was 
unbalanced, and, being equal 
in all directions, drew, the 
thread into the circular form, 
rendering the remaining liquid 
surface as small as possible. 

A curidlis illustration of this 
phenomenon is that pointed 
out by Professor Boys. When 
a camel’s hair pencil is im¬ 
mersed in wat^ (fig. 74, a) it 
presents the ordinary brush- 
nice appearance, the hairs being separately visible, as when it is 
dry ; but^hen taken out they cling together, forming, as it were, 
a.solid mass (fig. 74» consequence of the surface tension of 
the liquid. A similar effect is observed on taking aquatic pliints 
out of water. 

Among the phenomena due to surface tension may be mentioned 
the well-known one of the ‘ tears of wine.’ The surface tension of 
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water in contact with air is greater than that of aiW other liquid, 
except mercury It is more than three times as great as that of 
aldtihol. When a wine-glass contains a little strong vf ne, the wine 
rises up against the sides like any other liquid; but the alcohol 
evaporates rapidly from the surface, the consequence of which ds 
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that the liquid layer becomes more watery. N ear the surface of the 
liquid the strength of the liquid layer is kept up by diffusion ; but 
higher#up, owing to the increased surface tension of the more 
aqueous wine, it creeps up the sides and draws with it some of the 
stronger alcoholic liquid below, the increasing weight of which 
ultimately causes it to break and run down in drops (fig. 75). 

77. Absorption and imbibition.—These terms indicate the 
penetration of a liquid or a gas into a porous body. Absorption 
is used both for liquids and gases, while imbibition is restricted to 
liquids. • 

Charcoal has a great power of absorbing gases. If a pie^[^ of 
recently-heated charcoal Jje passed into a bell jar full of carbonic 
acid placed over a mercury trough (fig. 76), 
the volume of gas is seen to diminish rapidly, 
and it is found that the gaf which has dis¬ 
appeared in penetrating the charcoal repre¬ 
sents a volume thirty-five times that of the 
solid. There are even gases, such as 
ammonia, of which charcoal can absorb 
ninety times its own volume. 

In general those gases which are most 
easily condensed to the hquid state are just 
those whicl^ are absorbed to the greatest 
extent by charcoal; and it is highly probable 
that the gases thus absorbed are present in 
the liquid state. To this powerful absorp¬ 
tion of gases, displayed by charcoal and other 
porous substances, such as dry earth, the 
purifying action of these substances is due. 

The absorption of gases by solids is attended by a considerable 
rise of temperature, as may be shown by the expeijment repre¬ 
sented in fig. 77, in which a glass tube, a, is fitted by means of a 
cork into a wider one ; ^ is a plug of cotton wool on the cork, and 
pn this a layer of charcoal, /&, is placed, which has been freed from 
air by means of an air-pump. In this is the bulb of a thermometer. 
When a cu^ent of ammonia or of carbonic acid gas is admitted by 
s» the tube the thermometer at once rises. Absorption takes place 
in all parts of plants, but more especially in the rootlets and by the 
leaves. Ttiese organs absorb carbonic acid associated with water, 
for the growth of the plants. Animal tissues can even absorb 
•solid substances. For instance, in those processes of the arts 

G 
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where the workmen have»to handle salts of mercury or of lead, 
these metals are gradually absorbed into the system, and often 
produce serious and even fatal diseases. ^ 

Owing to absorption, tobacco soon dries if kept in a 
wooden box; while it remains fresh if kept in a metal 
one, for then its moisture is not absorbed by the metal as 
it is by the wood. 

When animal or vegetable matters absorb water, their 
volume increases. Thus if a toleAbly large sheet of 
dry paper be measured, and be then moistened, it v^ll 
be found to have appreciably expanded by this process. 
This property is made use of in stretching paper on 
drawing-boards; the paper is moistened, and is then 
glued or fastened with pins round the edge of the board. 
In drying, the paper contracts, and is tightly stretched. 
For the same reason, too, wall-papers which have been 
fastened on cloth along the walls are sometimes liable 
to be tom. 

In bending wood, the side to be bent is heated, and 
the other side moistened. This latter being lengthened 
owing to the water it absorbs, while the former is con¬ 
tracted in consequence of the dryness, a curvature 
ensues which is concave on the heated side. 

It is frequently observed that, owing to the changes of volume 
which they undergo under the influence of moisture and dryness, 
the pieces of furniture of our rooms are heard to crack when the 
weather changes. 

By the absorption of moisture ropes become shorter ; and 
lengthen when they dry. This may seem opposed to what h'as 
been stated about moist paper, but the explanation is not difficult. 
Ropes are farmed of fibres twisted together, and as these fibres 
swell owing to the water they absorb, the rope becomes larger, and 
hence each fibre should matft in coiling a longer circuit, and the 
rope will become shortened as it is moistened. For this reason, 
too, new cloths shrink considerably when they are moistened for 
the first time. 

78. Diffusien of liquids. Diosmose.—When oil«and watdr 
are shaken violently together, they form a turbid liquia|; but when 
this is allow'ed to rest, they settle in the order of th|ir specific 
gravities, the oil uppermost—they do not mix. If a solution of 
copper sulphate be placed in a vessel, and then a lighter liqui<4 
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such as water, with which it is miscibl* in all proportions, is care¬ 
fully poured upon it, the two liquids will form two separate layers. 
After some time, however, even when the liquids are quite at rest, 
it will be found that the lower and heavier 
liquid difiuses into the upper and lighter one, 
until after some time the whole forms a uni¬ 
form mixture. This phenomenon is called dif¬ 
fusion^ and the rate at which it takes place 
differs with the nature of the substances con- 
oerned. 

If the liquids are separated by a porous 
diaphragm or partition, |>ther phenomena are 
observed, as may be shown by the experiment 
represented in fig. 78, where ^ is a vessel the 
bottom of which is closed b)*n piece of bladder, 
while in the neck is fitted a tube, r, resting 
in the lid by the ^rk, a. The vessel b con¬ 
tains saturated solution of copper sulphate, the 
outer vessel containing water, both liquids 
being originally at the same levels nn. After 
some time it will be seen that the liquid in b 
becomes lighter in colour and at the same time 
rises to a con^derable height in the tube r ; the 
liquid in the outer vessel sinks below the level 

and a bluish tinge shows the presence of 
some of the copper solution. It thus appears that 
both the liquids pass through the fine pores of 
the diaphragm in opposite directions, but with 
unequal velocities ; the lighter liquid, the water, 
passes through the diaphragm more rapidly 
than the copper sulphate passes out, and accordingly there is an 
accumulation on the side of the salt. Ultimately, however, the liquid 
on each side is of the same concentration and at the same level. 

If a sheep’s bladder partially filled with strong brine, and 
tightly tied, be left in pure water, it will be found, after some time, 
to have beiome tightly distended. 

If a canrot or beetroot is cut and hollowed out as shown in 
fig. 79, aim powdered sugar is placed in the cavity, after a while 
this is converted into a concentrated solution, while the walls of the 
carrot shrink considerably, obviously owing to the fact that the 
• water has diffused out of the cells. 
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This simultaneous. passage of liquids in opposite directions 
through a porous diaphragm was first observed by Dutrochet, and 
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is known as diosmose. It is of great importance for animal and 
vegetable life. The cell-walls of plants, and the sides of animal 
cdJs and bVoodvessels, show no pores even under a magnifying- 
glass ; yet the interchange of animal and vegetable juices takes 
place through them by means of diosmose, and it is by this process 
that the assimilation of nutritive substances and other physiological 
processes are carried on. 
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0 CHAPTER VII 
PROPERTmS SPECIAL TO SOLIDS; 

79. Tenadtj.—Besides the general properties which we !&,ve 
hitherto been consideringfand which are met within solids, liquids, 
and gases, there are some which are special to solids. They are— 
tenacity, hardness, ductility, |nd malleability. 

Tenacity is the resistance which bodies oppose to b^ng broken 
when exposed to traction or stretching. To 
investigate this property a wire or thin rod 
of any material, c c' (fig. 80), is fixed at 
one end, while at the other is a vessel, 
to which weights can be gradually addl'd ; 
for this purpose shot or sand, or even 
water, are most convenient. If the distance 
between tw« fixed points, a, and a\ be 
noted, it will be found to increase with the 
weight added, and represents a lengthening 
of the wire. Accurate measurements show 
that if the weights are not too great, the 
elongation is proportional to the stretching 
•v^eight What is called the coe^dent of elas¬ 
ticity is defined as the weight in kilogrammes 
required to stretch a wire i sq. mm. in 
cross-section to double its length, if this 
were possible. For steel wire' this number 
is 25,000 kilogrammes ; so that if a weight 
of 25 kilogijimmes were applied to such a 
^re one mdre long, the increase in length 

would be I Jmm. 

If wire^f the same material but dififerent 
diameters aie used, it will be found that when stretched by the same 
weight the increase of length is inversely as the cross-section. 
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Thus, the elongation of a wire of i sq. mm. would for the same 
weight be twice as great as with one of 2 sq mm., so that to pro¬ 
duce with this the same elongation, double the weight would be 
needed. 

When the weights are removed the wire reverts to its original 
length ; this, however, is only the case if the weight is under a 
certain limit: beyond this the wire is permanently elongated ; the 
weight required to effect this is a measure of this limit of elasticity. 
7, On continuing the addition of weights, a ^oint is reached at 
which the wire breaks. The weight required for this is called the 
breaking weighty and is the measure of the tenacity of the material. 
Thus, to break a wire i sq. mm. in cyoss-section the following 
weights in kilogrammes are needed : lead, 2*2; tin, 2*6; silver* 
39 ; copper, 40 ; brass, 50 ; iron, 63 ; steel, 83. For other mateiials 
' we have: leather band, 2*9 ; hemp mpe, 5*0 ; wood in the diiac¬ 
tion of thesfibres, 5*5. 

. The proportionality between weight and elongation is also found 
in wires wound in spiral form, and on this depends their use for 
weighing (25). 

Tenacity is directly proportional to the breaking weight and to 
* the cross-section of the wire. 

Not only does tenacity vary with different substances, but it 
also varies with the form of the body. Thus, for‘ the same sec¬ 
tional area, a cylinder has greater tenacity than a' prism. 7'he 
quantity of matter being the same, a hollow cylinder has greater 
tenacity than a solid one. 

The shape has also the same influence on the resistance to 
crushing as it has on the resistance to traction. A hollow cylinder 
with the same mass, and the same weight, offers a greater resis¬ 
tance than a solid cylinder. For this reason the bones of animals, 
the feathers of birds, the stems of corn and other plants, offer 
greater resistance than if they were solid, the mass remaining the 
same. m 

8a Hardness. —Hardness is the resistance which bodies offer 
to being scratched by others. It is only a relative property, for 
a body which is hard in reference to one body maW be soft in 
reference t9 others. The relative hardness of two bodies is asceT^ 
tained butf^g which of them will scratch the other, piamond is 
the barest of all substances, for it scratches all, and is not 
ABrbtched by any. The hardness of a body is expressed by 
^W^ing it to a scale of hardness . that usually adopted is— i 
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Ductility 

1. Talc 5 * Apatite • • 8. Topaz 

2. Kock Salt 6. Felspar 9. Corundum 

31 Calcspar 7. Quartz 10. Diamond 

4. Fluorspar 

Thus the hardness of a body which would scratch felspar, but would 
Ije scratched by quartz, would be expressed by the number 6*5. ' 

The pure metals are softer than their alloys. Hence for 
jewellery and coinafe, gold and silver, which are soft metals, are 
alloyed with copper to increase their hardness. • 

The hardness of a body has no relation to its resistance to^m- 
pulsive force. Glass and ^diamond are much harder than wood, 
but the latter offers far greater resistance to the blow of a hammer. 
Hard bodies are often used for polishing-powders ; for example, 
emery, pumice, and tripoli. •Diamond, being the hardest of all 
bodies, can only be ground by means of its own powder* 

81. Ductility .—Ductility is the property owing to which a great 
number of bodies change their forms by the action of stretching or 
pressure. 

Certain bodies, such as clay, wax, &c., are so ductile at ordinary 
temperatures that they can be drawn out, flattened, modelled be-' 
tween the fingers ; others, such as resins and glass, require the aid 
of heat. Glass is then so ductile that it can be drawn out into fine 
threads, whiA are flexible enough to be woven into cloth. 

By meltings in a blowpipe-flame a piece of quartz attached to one 
end of a small arrow, which is then shot from a crossbow. Boys 
has produced uniform quartz threads of almost any degree 01 
fineness and, relatively speaking, of enormous strength. Threads 
liaVe been made whose diameter is estimated at a millionth of an 
inch, and threads of inch have been used in physical experi¬ 
ments ; they are relatively stronger than bar steel, having a tenacity 
of 80 tons to the square inch. 

Platinum is the most ductile of all metals. Wollaston obtained 
a wire of thisi material 0*00003 of an inch in diameter, by coating a 
very thin plAinum wire with a layer 01 silver so as to form a 
cylinder, which was then drawn out as finely as possible, so that 
1 ^th metals Mere equally extended. This was then placed in dilute 
nitric acid,/which issolved the silver, but left the platinum un¬ 
touched. A mile of this wire would not weigh more than a grain 
and a quarter. 

I Several metals, such as gold, silver, copper, are ductile even at 
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ordinary temperatures, but. require the use of powerful machines, 
such as the draw-plate or the rolling-mill. 

Many bodies, more especially steel, when suddenly coo^pd after 
having been raised to a high temperature, become hard and brittle 
-^that is to say, break on the application of a slight force. The 
most brittle metals are bismuth, antimony, and zinc ; they can be 
easily powdered. 

By reheating and cooling slowly, which is called annealing, 

hard and brittle steel may be converted into 
a soft, flexible material, and in general, by 
varying the limits of temperature within 
which the change takes pW:e, almost any 
degree of elasticity, hardness, and flexibility 
may Se given to it. This operation is culled 
tempering, hijp cutting instruments arc made 
of tempered steel. 

What are known as Rupert's drops are 
an excellent illustration of brittleness ; they 
are formed by dropping melted glass in 
cold water (fig. 8i); when the point of one 
^of them is broken off, the whole mass at once falls into fine 
powder. 

82. Malleability .—Malleability is that modification of ductility 
which is exhibited when metals are hammered. 'Phis property 
^ increases greatly with the temperature ; everyone knows, for in¬ 
stance, that iron is easily forged when hot, and not when cold. 

Gold is very malleable, even at the ordinary temperature. To 
make the extremely thin plates of gold known as gold leaf, the 
gold is first pressed, by means of the rolling-mill, into long plates 
about an inch in breadth and inch in thickness. These plates 
are then beaten into small squares by means of a hammer; these 
are cut and ieaten again, and so on. By beating them directly, the 
operation could not long bg continued, for the metal would be tom ; 
hence the plates to be beaten must be placed between plates of a 
substance which, while thi'i, affords great resistance. Sheets df 
vellum and parchment are first used for this purpoK, and after¬ 
wards gold-beater's skin. I 

Leaves of gold are thus obtained, which are so thinxhat 300,000 
superposed are only an inch thick. Silver and copper Vnay also be 
worked in the same manner. These leaves are used in the arts for 
gilding on wood, paper, and other materials. i 
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^ The following is the usual order of the metals under the draw- 
, plate, the rolling-mill, and the hammer, arranged in reference to 
‘their inciq^sed ductility : — 


Draw-plate 


Rolling-mill 

Hammer 

Jilatinum 


Gold 

Lead 

Silver 

- 

Silver 

Tin 

Iron 


Copper 

Gold 

Copper 


Tin 

Zinc 

Gold 

W 

Lead 

Silver 

Zinc , 


Zinc 

Copper 

Tin 


Platinum 

Platinum 

Lead 


• Iron 

Iron 


The metals must be pure ; if they are alloyed with other metals 
they are fragile, and have but little ductility. 
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BOOK II 

ON LIQU IDS 

f - - * 

' c 

CI^APTER I 

PRESSURES TRANSMITTED AfiD EXERTED BY LIQUIDS 

83. Hydrostatics.—The science of hydrostatics^ from two Greek ’ 
words signifying equilibrium of water^ treats of the conditions of 
the equilibrium of liquids, and of the pressures they exert, whether 
within their ovs n mass or on the sides of the vessels in which they 
are contained. 

84. Special characteristics of liquids.—One essential charac¬ 
ter of a liquid is the extreme mobility of its molfecules, which are 
displaced by the slightest force. The fluidity of liquids is due to 
this property; it, liowevt r, is not perfect -there is always a sufficient 
adherence between the molecules to produce a greater or less 
viscosity. 

In respect to this property liquids differ greatly; thus ether 
IS extremely mobile, wliile glycerine .and treacle have ^eat 
vise osity. 

Another essential property of liquids, and one by which they 
are distinguished from gases, is their very small compressibility. 
We have already seen (1^ that their compressibility is so small that 
for a long time they were regarded as being quite Incompressible. 
It was not before 1823 that Oersted, a Swedish physilist, first proved 
in an exact manner that liquids are compressible. IThe apparatus 
he used for this purpose is called the piezometer I comp^s^ 

fjJrpovy measure). By its means it has been found that a pressure 
of one atmosphere compresses distilled water by about ^xF^Trtrth 
part of its volume; mercury by the same pressure only undergoes 
ab(>ut one-twelfth as great diminution; while that of ether is ab#ut 
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times as much. When the pressui^e is .removed, the liquid 
returns to its paginal volume. 

Liquyitf«re also porous, elastic, and impenetrable, like all other 
bodies. The proofs of their porosity have been already given (11). 
Their impenetrability is manifested whenever a solid is immersed 
in water. For if a vessel be quite filled with water, and any solid 
body be placed in it, which does not absorb the liquid, and in which 
the solid is insoluble, it will be observed that a volume of water 
Hows over which is eicactly equal to that of the solid immersed. 

. On this property is based a method of determining with accu¬ 
racy the volume of bodies of irregular shape. 

85. Equality of pressures. Pascal’s law.- Liquids have ^e 
following icmarkable property, which is expressed by what is often 
called ‘ P.ib( al’s law,’ for it was first enunciated by thiit distinguished 
philosophei. 4 

Pressure exerted ast^wJures^n. a. mass of liquid isJr^tsmdtHi 
undinumshpd in all ^reetions^ 
and acts at right angles to surfaces 
exposed to the liquids 

'I'o get a clearer idea of the truth 
of this prnciple, let us conceive a 
cylindrical vessel, in the sides of 
which are placad vanous cylindri¬ 
cal tubulures, fill of the same size, 
and closed by movable pistons (fig. 

82). The vessel being filled with 
water, or any other liquid, tlic mo¬ 
ment any pressure is applied to the 
piston A, all the other pistons are 
pressed outwards, showing that the 
pressure is not merely tiansmittcd f*?- 82. 

downwards upon the piston D, but laterally upon the*pistons E 
and F, and upwards upon the pistons B and C. If, instead of 
pressing on tlie piston A, the pressure be excited upon B, tl^e same 
effects aie promuced ; the piston A is then forced upwards., 

In these idifferent cases the pressure is transmitted in all 
dftfcctions with undiminished intensity, it being remembered that 
pressure means force per unit area. For instance, if the force on 
the piston A 20 lb , and its surface is equal to that of the 
pist pn B, the upvkrditorce on the lattei is also 20 Jb . ; but if the 
sirfia^t^W the piston B is only a twentieth tHat of A, the force 
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The action of thif lateral pressure may also be illustrated by 
placing a cylinder (fig 85), filled with water, on a piece of cork, or ' 

on a board which is floated on water In 
one side of the vessel is a stopcock, and 
on removing this the water jets out, the 
pressuie on this side is less than*T>n the 
^Opposite one, and accordingly the vessel 
floats on the water in the direction opposed 
to that m which the fit is issuing. 

Rotating fiicworks also apt on the 
same pnnciple as Barker's mill that'is, 
an unbalanced reaction ^om the heated 
gases which i^ue from openings in them 
85 gives them motion m the opposite due - 

tions ^ 

The pnnciple of Baikei’s mil! is of extended use in the con 
stniction of those hydraulu and steam motors which are known as 
Surdtne9 

It IS owing to the lateral pressure of water that djkes and 
banks, which retain nvers or reservoiis or canals, sometimes give 
f way by becoming too weak for the pressure they have to suppoit 

89 Vertical upward pressure. 
The pressuie which {he uppmr layers 
of a liquid exert on the lower layers 
causes them to exert an equal re 
action in an upward direction, a 
necessaiy consequence of the pnn*f« 
ciplc of transmission of picssure in 
all directions . 

The following experiment (fig 
86) serves to exhibit the upwaid 
pressure of liquids A large, open, 
glass tube, one cndi of which is 
giound, IS fitted with aLiound glass 
disc, rt!, or, still betteii with a thin 
caid 01 piece of mica, the weight of 
which may be neglected To tl;^ 
<}i$c is fitted a string, by which it^cj^n be held against the bottom • 
0# the tube The whole is then immeised in water, and the disc 
dtQi^ not fall, although no longer held b> the string , it is conse- 
qUIbnfily kept m its position by the upwaid pressure of the water^ 





—WJ * Infiuence of Shape of Vessel 

fif water be now slowly poured into the tube, the disc will only sink 
when the height of the water inside the tube equal to the height 
outside. , It follows thence that the upward pressure on the disc is 
equal to the pressure of a column of water, the height of which is 
the distance from the disc to the outer surface ojf the liquid. Hence 
* the upward pressure of liquids at any point is governed by the same 
laws as the downward pressure^ ^ 

This upward pressure is termed the buoyancy of liquids ; it is 
perceived when the Ifcnd is plunged into water, and still more dis- 
«tin(^ly if it is immersed in mercury, which, being of greater density, 
produces greater pressure. Thus it is that, if a leak be produced * 
in the bottom of a ship, water rushes in with great force. • 

90* Pressure ui independent of the shape of the vess^— 
The pressure exerted bx & liquid, in virtue of its weip'ht on anv 



Fig 87. 

pdition of the|liquid, or on the sides of the vessel in which it is 
contained, depends on the depth of the liquid and on its density, 
independent of the shape of the vessel and of the quantity of 
the liquid. ^ 

This princiole, which follows from the law of the equality of 
pressure, may be experimentally demonstrated by many forms of 
af^aratus. The following is one frequently used, and is due to 
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Masson. It consists of \ large, conical vessel, M, sc’rewed to a, 
brass tubulure, f, fixed to a wooden support (fig. J7). This tubu- 
lure is closed by a disc, which does not adKere tb jt, but is " 

simply applied against the edge, and is 
kept there by a string attached to one end 
of the beam of an ordinary balance, at the 
other end of which is a scale-pan. Weights 
are placed in the latter, so as just to 
counterbalance the pressure of the water 
• on the disc, when the vessel is alniost. 

full; water is then giaduaUy added until 
the disc just begins .,<tb give way and 
allows some t8 escape*^ A screw, O, is then 
lowered until its point just grazes the 
surface o^ the liquid. If the vessel M 
gj be unscrewed and replaced by the cylin¬ 

drical tube, P, the capacity of which is 
far less, on gradually pouring water in, 
the moment the level of the liquid just 
touches the point of the rod, O, the disc, 
a, begins to allow some water to escape. 
The same result ensues if for the straight 
tube, P, the inclined on®, Q, be substi¬ 
tuted. In these three c£fees, thttefore, 
provided the height of the liquid is con¬ 
stant, the pressure on the disc, a, is the 
same, whatever be the shape and capacity 
of the vessels. ^ 

Moreover,, the weight which has to 
be put on the scale-pan to establish equi¬ 
librium shows that ihe force exerted bfk 
the liquid on the disc is equal to the weighk 
of a column of water tk&base of which is ihe interned section of ihk 
tubulure^ c, and the height the vertical distance from the disc to thi 
surface of the liquid. I • 

This principle is sometimes called the hydrbstatical Paradox. 
for at first sight it seems quite impossible. • * 

The pressure at great depths in the sea is very considerable*. -, 
A corked empty bottle, when loaded to make it sink and lowered 
to a sufficient depth, is found when brought to the surface to be full 
of water, the pressure having forced the cork in. The bulbs pf 
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thermometers for registering deep sea temperatures are provided 
with envelopes partially filled with the liquid (alcohol or mercury) 

' * of which the thermometer is made. Shellfish from great depths 
have shSls which weigh as much as from one to two hundred 
pounds. Fish from the higher levels are killed when brought 
, rapidly 'to lower depths, as is proved by experiments with the 
hydraulic press. 

91. Pascal’s esperunent. —Pascal made the following experi¬ 
ment, which illustrates what great pressures may be produced by 
^even sn^l quantities of liquid when contained in vessels of great 
height. He fixed firmly in a stout cask, as represented in fig. 88, 
a very narrow tube about 30 feet in height, and then filled the cafk 
and the tube with water. The effect of this was to burst the cask ; 
for there was a pressure on the bottom of the cask equal to the 
weight of a column of water w]jose base was the bottom itself, and 
whose height was equal to that of the water in the tube4‘ ^ 

. 92. Hydraulic presa. —The law of the equal transmission of fluid 

pressure has received a most important application in the hydraulic 
presSf a machine by which enormous pressures may be produced. 
Its principle is due to Pasc al, but it was first constructed by 
Bramah in 1796. 

Fig. 89 represents an elevation and fig. 90 a section of the 
apparatus ; it consists of two iron cylinders or barrels, A and B, 
of unequal diameters. In the barrel A, which is of very small 
diameter, is a cylindrical rod, a, which acts as piston, and can be 
moved up and down by the lever O. In the cylinder B, the internal 
diameter of which is twelve to fifteen times that of the barrel A, is 
a long cylindrical iron ram, C, which also forms a piston, and works 
water-tight in the barrel B. On the top of the ram, C, is a thick iron 
slab, K, which rises and falls with it. Four wrought-iron columns 
support a second plate, MN, which is fixed. The objects to be 
pressed are placed between K and MN. • 

When the ipiston is raised by means of the lever, the pressure 
is diminished fn the barrel A, and a valve, S, at the bottom opens 
and allows water to pas" from a reservoir, P, into the barrel. When 
a re-descends, the valve, S, closes ; but another valve, m, placed at 
thft bottom of the tube dj opens; the water is thus forced by 
fhis tube into the large cylinder, B. At the next stroke of the 
, piston, a, a fresh quantity of water is drawn from the reservoir, P, 
and forced into the barrel, B, and so forth. 

^ In consequence of the principle of the equality of pressure, the 
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downward pressure' exerted by the small piston, rt, is transmitted^ 
upwards upon the piston C. The pressure w'hich can be obtained 
depends on the relation between the size of the piston Q and that 
of the piston a. If the former has a transverse section fifty or a 
hundred times as larjje as the latter, the upward pressure on the 
large piston will be fifty or a hundred times that exerted upon the 
small one (85). By means of the lev er, O, an additional adv^antage 



is obtained. If the distance from the fulrriim to the point where 
the ijower is applied is five times the distance from the fulcrum to 
the ))iston rr, the force on a w'ill be five times that applied (35^. 
Thus if a man acts on O with a force of 60 lb., the force trans¬ 
mitted by the piston a wall be 300 lb., and the force, which tends 
to raise the piston C will be 30,000 lb., supposing the section of C 
is a hundred times that of a, 1 
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* The hydraulic press is used in nearly all cases in which great 
. pressures are required. It is ajjplicd in compressing cloth, hay, 
cotton, gunpowder, and guncotton; in extracting the juice of 
beetroot, in expressing oil from seeds, and in pressing apples in 
making cider ; in the extraction of stcarine, and in flattening paper 
and cloth; it also serves to test the strength of cannon, of steam 
boilers, and of chain cables, to bend iron and steel plates for 
armour-clad vessels, j^nd to press the spokes of wheels to the axis. 
'J'he pjirts composing the tubular Ijridge which spans the Menai 
'^Straits were raised by means of a hydraulic press.* 'I'he cylinder 
of this machine, one of the largest which has ever been constructed. 





was (y feet long .nitl ii inches m internal di.imeier ; it w.is capable 
of raising a weight of 2,000 tons. • 

The piiiicijile of the hydraulic press is also applied to the v\ork- 
ing of heavy cS'aiies, wimlLisses, the opening of dock g.ite.s, and to 
h)%{raidiclifls^ which arc of such extensive use in large warehouses, 
hotels, and the like. It is even us^d in working^ stage machinery. 

, In these cases a hydmulic accumulator is used. 'Fhe ]nston 
i« loaded with very great weights, and winter is continually forced 
into the cylinder by ]iowerful pumps. From the bottom of this 
cylinder a tube conducts water to any place where the power is to 
be applied, an<l the llow of even small quantities of water which is 
under high pressure can perform a great amount of work. It is 
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thus applied with advantage to the transmission of power to a 
dihlanee. 

In London, water is supplied to consumers by the i^ydraulic 
J^owei Company under a pressure of 700 lb. per sq. in.; and the 
tpiantily required for one horse-power would be about 175 gallons. 
The cost of power supplied in this way is about fourpence per horse¬ 
power per hour, which, although expensive for continuous working, 
is not so when it is intermittently used, and \tihen only the quantity 
actually consumed is j)aid for. 
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CHAl^TER II 

:^QUILI1JRIUM OF LlQUn)S 

•93. Conditions of the equilibrium of liquids. —\Vc ha\'e seen 
(47)lhattlie condition of the equilibrium of a solid i s tha t its cenire 
of gravity l)C supported * all the other parts of the body then 
retain llie same slate of equilibrium, in consequence of cohesion, 
which unites the particles to each other and to the centie of 
gravity. 7 'his is by no nicalis tlie case uith liquids; owing to 
tiiL great mobility of their molecules, and tlie facility \filb uliich 
they ol)ey the force of gra\ity, they would lly away and spread 
out if they were not retained by some obstacle. Hence a liquid 
cannot be at rest in any vessel, unless it satisfies the following con¬ 
ditions ;— 

I. The free surface of the iiqitid 
must be horfzo 7 ital—that /s, berpeu- 
(Hcular every^'^ierc io the directio 7 i of 
^'avity. 

II. Each ))ioictitle of the tuass of 
the liquid must be subject in every di¬ 
rection to equal a 7 id tontrary forces. 

.The sec.ond condition is self-evident ; for if the forc'es exerted 
on any given ])arti<'le, in two op])osite direction ), weic' not equ.d 
and contrai), the ii.nticlc* would be moved m the dirc;c tion of the 
greater force, and there would be no ec|uilibrium. 'riui.^the second 
condition follcnvsfrom the ])rinciple of the equality of pressures, 
and from the* reac tion which all pressure causes on the mass of 
liquids. 

To account for the first condition, relative to the free surface of 
Jhe licpfid, let us observe that in .1 liquid whose surface is horizontal, 
• ill the ])arlicles supi>orting cxich other, the action of gravity is 
balanced, and the liquid is at rest. iUit if the surface is not 
horizontal, if some jiarts are higher than others ffig. 91), the 
Jiighest part, ab.^ exerts upon any horizontal layer, bd.^ a greater 
pressure than the part cvf, and therefore, since any .given 
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particle, 0^ of the horizontal layer is exposed to a greater pres¬ 
sure in the direction bo than in the direction do^ equilibrium is 
impossible. c 

In saying that for a mass of liquid to be in equilibrium its surface 
must be horizontal, we must remark that that presupposes the liquid 
to be only acted upon by gravity, which is usually the case ; if it is 
under the action of other forces, for example, capillary forces (74), 
its surface is inclined so as to be perpendicular to the resultant of 
all the forces which act upon it. *' 

94. Level of liquids. —A liquid is said to be level when all .the^ 
points of its surface are in the same horizontal plane. This, how- 
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ever, only applies to surfaces oi small extent. For, as the direction 
of the vertical constantly changes from one place to another on the 
surface of the globe, the directions of the horizontal surfiiccs change 
too—that is to say, a plane which is horizontal at one part of the 
earth’s surface is not parallel to a horizontal plane at a small distance» 
they form a viery small angle with each other. Hence a liqiSid, 
surface of some extent in a state of equilibrium, being necessarily 
horizontal in each of its parts, does not form one single perfectly 
plane surface, but a series of plane surfaces inclined to each other ; 
which of course produces a curved surface. This curvature cannot, 
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•however, be perceived on surfaces of •smal)’extent, as in water 
contained in a vessel; for the surface of such a liquid is so 
level that it reflects the rays of light like the most perfectly 
polished plane mirror. The curvature is, however, easily observed 
on large, surfaces li^e those of the sea. For if this surface were 
perfectly level, a ship in sailing away from the shore would 
only cease to be visible in consequence of increasing distance, and 
the less apparent parts, the masts and the cordage, would dis¬ 
appear first. This, However, is not the case: the hull first sinks 
below the horizon, then the lower parts of the masts, and ulti¬ 
mately the top, as seen in fig. 92, thus proving the curvature of tj^e 
surface of the sea. ^ 

95. True and apparent level.—When we consider a great 
body of water—the Mediterranean Sea, for instance —its surface 
is said to be level when all pnints of the surface are equidistant 
from the (cnlrc of the earth. This is the true level ; erhile that 
level whith is defined as having all the points of its surface in the 
same horizontal plane is the apparent level, the level for the eye. 
The true level only coincides with the apparent level when the liquid 
surfaces are very small. If the earth did not rotate about its own 
axis, the surface of all seas 
would form a true level; 
but, owing to flic centri¬ 
fugal force v'^iich results 
from its daily motion (31), 
the surface is heaped up at 
the equator, and the level 
is higher than at the poles. 

‘96. Equilibrium of 
the same liquid in 
several communicating 
vessels.—Not merely do 
liquids tend to become 
level when they arc placed 
in the same vessel, but 
also when they are placed 
,in* vessels which commu¬ 
nicate with each other. 

Whatet'er the shape and the dimensions of these vessels, equilibrium 
will exist wAen the surfaces of the liquids in all the vessels are in 
\hc same horizontal plane. 
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This principle ni.iy be demonstrated by means of the apparatus* 
represented in fig. 93. It consists of a series of vessels of different 
shapes and capacities, connected together by a common llCrrizontal 
lube. When water or any other liquid is poured into the 
vessel, the level is seen to rise at the same time, and to stop at 
exactly the same height in each. Equilibrium is then established. 
For we have seen that the pressures exerted by a liquid do not; 
depend upon its quantity, but upon its height (90); when this is' 
the same, the pressure is necessarily everywhere equal for all the 
vessels above the tube of communication abCy and therefore, as the* 
liquid has no more tendency to flow from b towards a than from 
b to Cy equilibrium continues. An ordiijary tea or coffee pot is an 
illustration of this principle. The water stands at the same height 
in the spout as in the vessel itself. 

97 - Equilibrium of different * liquids in communicating 
vessels.-dn what has been said, the communicating vessels all 

contained the same 
liquid. It may, how¬ 
ever, happen that the 
vessels contain liquids 
of different densities, 
which do not mix. The 
level is tl^pn no longer 
the same in both legs ; 
the lighter liquids are 
higher, and equilibrium 
is only possible when the^ 
heights of the liquid 
columns in comnnmica- 
iioHy <ibovc the plane of 
their common surfacCy 
arc inversely as their 
densities —that is, if one 
of the liquids is twice or thrice as dense as another, its licight will 
be half or one-third as much. 

This principle is demonstrated experimentally by means of the 
apiKiratus represented in fig. 94. It consists of two glass tubes 
connected at the bottom by a narrow tube. The tubes are sup¬ 
ported by two vertical columns, and on each of them is a scale gra¬ 
duated on the glass itself. If mercury is poured into one of thq 
tubes, it quickly assumes the same level in each. On now' 
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'pouring water into the tube A, the level of*the mercury is seen 
. to sink in this tube owing to the pressure of the water, and it rises 
in the tfther tube. Then, when equilibrium is established, the 
mercury in B is higher than in the tube A by a quantity cd. It 
is clear, then, that^he pressure of the column of mercury, cd^ coun¬ 
terbalances the pressure of the column of water ab. If now the 
heights of ab and cd be measured by means of the graduated scales 
on the two tubes, it will be found that the 
height 13*6 times as small as that of 
which demonstrates the above prin¬ 
ciple, for we shall presently learn that 
mercury is 13-6 times as hfavy as water. 

98. Equilibrium of superposed li¬ 
quids.—In order that there should be 
equilibrium when several hetdlrogeneous 
liquids which do not mix are super¬ 
posed in the same vessel, each of them 
must satisfy the conditions necessary for 
a single liquid ; and, further, there will 
be stable cquilibriujn only when the 
liquids are arranged in the order of their 
decreasing densities^ from the bottom 
upwards. ^ 

^The last condition is experimentally 
demonstrated by means of a long, narrow 
bottle (fig. 95) containing mercury, water 
saturated with potassium carbonate, alcohol coloured red, and petro- 
lepm. When the phial is shaken, the liquids mix ; but when it is 
allowed to rest, they separate : the mercury sinks to the bottom, 
ihen comes the water, then the alcohol, and then the jietroleuin. 
This is the order of the decreasing densities of the l:j^odies'. The 
water is saturated with potassium carbonate to prevent its mixing 
with the alcohol. 

^ This separation of the liquids is due to the same cause as that 
which enables solid bodies to float on the surface of a liquid 01 
,greater density than their own. In like manner, flesh water, at 
• t^e mouths of rivers, floats for a long time on the denser s.alt water 
of the sea ; the (lulf Stream (297) flows for a great distance owing 
to its smaller density ; and, for the same reason, cream, w'hich is 
jlighter thail milk, rises to the surface. 
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AHPLICATIONS OF THE PRINCIPLE OF THE EQUILIBRIUM 

OF LIQUIDS ^ 

99. Water level. —In a great number of operations, such as the 
contruction of canals, railways, roads, in laying/drains, &c:v it's fre¬ 
quently necessary to determine the difference in level of two more or 
less distant places.. The simplest apparatus for this purpose is the 
water levels which is an application of the conditions of equilibrium 
in communicating vessels. It consists of a me 1 :al tube bent at both 
ends, in which aflre fitted glass tubes (fig. 96). It is placed on a tripod, 
aijd water poured in the tube until it rises in both limbs. When the 
liquid is at rest, the level of the water^in both tubes is the same 
—that is, they are both in the same horizontal ])lane. 


t . - 



Fig. 96- 


This instrument may be used in levellings or ascertaining how 
much one point is higher than another. If, for example, it is 
desired to find the difference between the heights of two places, 
a levclling-sfaff \h fixed on the distant place. This staff consists 
of a rule formed of two sliding pieces of wood, one of which 
supports a piece of tin ^late, in the centre of which there is a 
mark. This staff being held vertically, .an observer looks at it 
through the level along the surfaces in the two tubes, and directs 
the holder to raise or lower the slide until the mark is in the 
line of the level in the two tubes. The assistant then reads off 
on the graduated rod the height of the mark above the ground. . 
If this height exceeds that of the level, the height of the latter 
is subtracted from that of the former, and the difference gives the 
difference in the heights of the two places. 

100. Spirit level. —The spirit level is both more delicate and 
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-more accurate than the water level. Ijt coneists of a glass tube 
(fig. 97), very slightly curved ; it is filled with spirit with the ex¬ 
ception «f a bubble of air, which tends to occupy the highest part. 



• Fig- 97- 


The tube is fixed in a brass case, which is so arranged that, when 
it is in a perfectly horizontal position, the bubble of air is exactly 
between the two points marked on the glass. lJut if thg plane on 
which the instrument rests is ever so little inclined, the air-bubble 
tends to move towards the higher part. This, therefore, furnishes 
a ready means of ascertaining whether any article—a table, a stand, 
or a bookshelf—is quite horizontal in whatever position the level is 
laid. 

For use in surveying the level is fixed on a special form 6 t 
telescope on a .stand, the app.iratus being known as a dumpy 
level. • 

loi. Jets of water. Water supply. —The sea, springs, rivers 
are all communicating vessels in which water lends to find its 
level. This is also the case with 
water jets. 

• Fig. 98 serves for the explana¬ 
tion of all the natural as well as 
artificial appl ications of the principle. 

If water is poured into one of the e 
limbs of the U tube, the liquid rises 
in the other, and when they are at 
rfcst the level is Ihe smne in both. 

Suppose now that the limbs are of 
’\iBequal length, the longerone being 
*in connection with a reservoir of 
water, and the shorter one being Fig. 98. Fig. 99. 

provided with a stop-cock. If this 

*is closed, and the liquid in^he large branch is higher than the top 
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of the shorter branch.by the length cd^ the pressure on the stop-cock 
will be that due to the column cd. Hence if the stop-cock is opened 
the water issues in a vertical jet in consequence of this pressure 
(fig. 99). The jet ought to rise to the height cd^ that is, to the 
level of the source ; it does not quite reach this owinjf to the 
friction of water against the sides of the tube, to the resistance 
of the air, and to the particles which have risen falling on 
the jet. 

The most important application of this isind is to the watet 
sttftpiy of towns. Water from a reservoir at a great height, which^ 
is usually fed by brooks and springs, is led through iron pipes in 
ally direction, and through depressions and over elevations, pro¬ 
vided these latter arc never higher tliKn the source by which the 
pipes arc fed. From the mains^ as they arc called, smaller pipes 
lead into the houses to be supplied. 

102. Streams, springs, wells.— The formation of springs upon 
the surface of the earth, and in its interior, is also due to the ten¬ 
dency of water to seek its level. For gravity causes water to flow 
from higher to lower places, flence it is that the rain which falls 
upon the earth, and the water arising from the melting of snow, 
pass down to the valleys, where they form brooks, streams, and 
rivers, which flow along their beds as along an inclined plane, until 
they emerge into the seas. A very small fall caji give rise to a 
current. Thus the mean height of the Seine at Paris is not more 
than 35 yards above the level of the sea. The extent of its course 
between these two points is about 224 miles, which scarcely amounts 
to a fall of the uf.jtli part of an inch in a yard ; and water requires 
several days to traverse this distance. The average fall of the 
Mississippi is i in 900, that of the Rhine between Mannheim and 
Mayence i in 7,400. 

The rain which falls does not all flow upon the surface ; part of 
it penetrated into the earth, and gives rise to small, subterranean 
watercourses, which are ;?alled springs. It is in order Jo procure 
water from these that wells are sunk. 

103. Artesian wells. -When the spring which feeds a welf*^ 
comes from a place much higher tluin that where the well is sunk, 
it may happen that water tends to rise above the ground. This^is"**^ 
the case in what are called Artesian wells. These wells derive* 
their name from the province of Artois, where it has long been 
customary to dig them, and whence their use in other parts of 
France and Europe was derived. It seems, however, that at a^ 
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yery remote period wells of the same kind weyc dug in China and 
^ Egypt. 

The ^rata composing the earth’s crust are of two kinds : the 
one permeMe to water, such as sand, gravel, chalk, &c.; the other 
im^ermeabJu- mch a s clay. Let us suppose, then, a basin, H, of 
• greater or less extent, in which the two impermeable layers AB, 
CD (fig. loo) inclose between them a permeable layer KK. The 
rainwater falling on the part of this layer which comes to the 
surface, which is calkd the outcrops will filter through it, and, fol¬ 
lowing the natural fall of the ground, will collect i^ the hollow of 
the basin, whence it cannot escape, owing to the impermeable 
strata above and Ijelow it. If now a vcitical shaft, I, be sulfk 
down to the water-bearing Stratum, the water, striving to regain its 
level, will spout out to a height which depends on the difference 



between the levels of the outcrop and of the point at which the 
boring is made. 

I’he waters which feed Artesian w'^ells often come froifi a distance 
of sixty or seventy miles. The depth varies in different places. 
The well at Grenelle is i,8oo feet deep; it gives 656 gallons of 
■^ater in a minute, and is one of the deepest and most abundant 
which have been made. The temperature of the water is 27° C. 

follows, from the law of the increase of temperature with the 
increasing depth below the surface of the ground (317), that, if 
this well were 2io feet deeper, the water would have all the year 
round a temperature of 32° C., which is the ordinary temperature 
•of warm baths. 
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A well dug recently at Munden has a depth of 2,280 feet. In 
Algeria, and also in Australia, whole districts of desert have been 
converted into fruitful oases by means of Artesian wells. rThus on 
the Bateman Estate three boreholes have been sunk in a country 
which formerly supported a few head of cattle, these at 

a depth of 1,500 feet yields a flow of 2,900^ gallons per minute, 
enough to supply water for 60,000 sheep. The two others yield an 
even larger supply. 
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CHAPTER III 

I"' • 

« rVESSURES SUPPORTED BY BODIES IMMERSED lH LigUlDS. 

SPECIFIC GRAVITIES. 

104. Pressure supportecf by a body immersed in a liquid.— 

When a solid is immersed in a liquid, it is obvious that the pressures 
wliich the sides of the vessel sjipport are also exerted against the 
surface of the body immersed, since liquids transmit p^ssurc in 
• all directions (85). Hut it is readily 
seen that the pressures which the im¬ 
mersed body supports do not neutralise 
themselves, but have a resultant, the 
tendency of which is to move the body 
upwards. 

Let us imagine a cube immersed in 
a mass of watef (fig. loi), and that four 
of its edges are vertical. The hori¬ 
zontal forces due to fluid pressure upon 
the two opposite faces, a and if, are 
clearly equal to each other, for they are 
exerted at the same depth (87); and as 
they arc in opposite directions, they will balance one another, and 
the only effect will be to compress the body without displacing it. 

Hut the vertical forces on the faces fi and i: are obviously un¬ 
equal. The face d is pressed downwards by a column of water 
whose base is the facc^/, and whose height is c/w ; the lower face, c, 
^W|5iessed upwards by the weight of a column of water wdiose base 
is the face itself, and whose heig^ht is at. The cube, therefore, is 
ujged upwards by a force eciual to the difference between these 
two forces, which latter is manifestly equal to the weight of a 
column of water having the same base and the same height as this 
cube. By this reasoning, therefore, we arrive at the remarkable 
pfinciplc, that any body immersed in a liquid is pressed upwards 
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by a force equal W the weight of the volutne of liquid which it 
displaces. We shall sec how this principle can be experimentally , 
verified. c 

105. ’Principle of Archimedes. Hydrostatic balance_We have 

thils seen that any body immersed in a liquid'i^iUTSTftkted to the 
action of two forces—gravity, which tends to make it sink, and 
the buoyancy of the liquid, which tends to raise it with a force 
equal to the weight of the liquid displaced. The body weighs less, 
therefore, than in air, and the diminution o5f its weight is exactly 
equal to the weight of the displaced liquid. The above principle 
^lay thus be enunciated: qJl^.imHtersedJn a liquid loses a, 

part cf its weight \ 
equal to the 
weight oj the dis¬ 
placed liquid. Foi 
instance, suppose 
that a body wliich 
weighs 1,000 
grains in air dis¬ 
places a cubic 
inch of water 
when immersed in 
^ater ; it will now 
on!ly weigh 1,000 
- 352 = 748 grains 
(a cubic inch ot 
water weighs 252 
grains). 

This principle, 
which is remark- 
^ Fi£[. 107 . able for its nume¬ 

rous applications, 

IS called the ‘ principle'6f Archimedes,’ after the discoverer. It is 
shown experimentally by means of the hydrostatic bala/ice(fi^.^2). 
This is an ordinary balance, each pan of which is provided wiEl* 
hook ; the rod, e, slides in the hollow cylinder, d. The beam ir 
supported on the rod, r, which can be fixed in any positiori by 
means of a screw', n. The beam being raised, a hollow brass 
cylinder, is suspended to one of the pans, and below this a solid • 
cylinder, whose volume is exactly equal to the capacity of the 
first cylinder; lastly, an equipoise is placed in the other pan. ^If 
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• * ♦ 
now the hollow cylinder, be filled with water, the equilibrium is 

' tiisturbed^ but if, at the same time, the beam is lowered so that 

the solid cylinder a becomes immersed in a vessel of water placed 

beneath it, tbq^cquijibrium will be restored. By being immersed 

,in water, the cylinders loses a part of its weight equal to that of 

the water in the cylinder b. Now, as the capacity of the cylinder a 

is exactly the same as that of the cylinder the principle which 

has been laid down is^roved. 

^ We have all had occasion to observe how much lighter our 
Jjmb's appear in water, and, on the contrary, how mucli heavier they 
seem when lifted out. In like manner, if the body is almost entirely 
immersed in water, we can*walk barefoot on the stones without 
injuring the feet; but this is not possible when wc are out of the 
water. For in the former case part of the weight of the body is 
raised by the liquid, while in tTie latter the whole weight of the 
body presses the feet against the sharp projections. So, tA), a man 
can raise a stone in water by means of a rope which he could nol 
do in air. 

^loO. Ec|itf|^briiini iiLimmersed and 

W Aiwii w .n. ...Wpo-irt . 

1x)dy is placed in a liquid, three cases are jiossible : the body may 
have the same specific gravity as the liquid, in which case it weighs 
as much as the li^iuid for an equal volume ; or it may be denser, in 
which case it weighs more ; or it is lighter, and in this case it 
weighs less. 

I. If the body immersed is of the same density as the liquid, the 
weight of the liquid displaced being the same as that of the body, 
it follows from Archimedes’ principle that the buoyancy, which 
tend« to raise it, is exactly equal to the force with which gravity 
tends to sink it. The two forces are thus in ctiuilibrium, and the 
body remains in susjiension in any position in liquid. 

II. If the body immersed is denser than the liquid, i>sinks, for 
then its w-^eight ])rc])onderates over the buoy^ancy. This is the case 
when a stone or a mass of metal is thrown into water. 

i^le^l. Lastly, if the iniinersed body is lighter than the lii|uid, the 
.buoyancy prevails, and the body rises until it only displaces a 
^ight of liquid equal to its own. It is then said to Jlonl. Cork, 
\viix, wood, and all substances lighter than water, float on its sui- 
face. Iron floats on mercury. 

In order to raise objects sunk in the sea, lighters are moored 
wer them which are so full of water that they only just float, and 
w'hich are connected with the objects by powerful chains. -The 
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water is then pumped otft of the lighter, and the buoyancy which Is 
brought into play, by the substitution of air for water, exerts a ■ 
steadily-increasing, and ultimately enormous, pull on the' immersed 

bodies. _ 

The erratic blocks of granite and the like’MtlfiTi ^e found far 
away from the formations to which they belong have been trans¬ 
ported by icebergs in which they have been embedded. The 
buoyancy of ground ice may be so great as lift stones and plants 
from the bottom. 

A body which floats on one liquid may sink in another ; that tins 
<niay happen, the body must be lighter than the one liquid, but heavier 
than the other. An egg sinks at oncet if placed in ordinaiy water, 
since it is heavier than an equal quantity of water ; but it swimS' 
if placed in strong brine, which is denser than water. A piece of oatc 

floats on water, but sinks in ether, 
which is lighter than water. Iron 
floats on mercury, but sinks at once 
in water. 

Yet a body, though denser than a | 
liquid, may float on its surface. For I 
this purpose it must have such a shape | 
as to displace a volume of liquid the I 
weight of which isgreq^ter thanitsown, I 
Porcelain is much heavier than water, 
)'et a porcclai n saucer, placed on water, 
floats on the surface ; this arises from 
ils concave shape, owing to which it 
displaces a weight of water equal to 
its owm, though it is only partially 
immersed. For the same reason iron a 
ships, even with very thick sides, float 
freely on water. 

107. Cartesian diver.—The differ¬ 
ent effects of suspension, immeis^j,v 
and floating arc reproduced by means ^ . 
of a well-known hydrostatic toy^ th* 
Cartesitw diver iS\^. 103). It consists 
of a glass cylinder nearly full of water, 
on the toji of which a brass cap. A, 
provided with a piston, is hermetically fitted. In the liquid there 
is a. little porcelain figure—a fish, i?, for example—attached to a 




-109] Swzminting 117 

lii>llow glass ball, which contains air ^nd water, and floats on 
the surface. In the lower part of this figure there is a little hole 
by which ^ater can enter or escape, according as the air in the 
interior is more or less compressed. The quantity of ^\ater in the ■ 
globe is such that v^ry little more is required to make it sink. If 
•the piston be slightly lowered, tlie air is compressed, and this 
pressure is transmitted to the water of the vessel and to the aCir in 
the bulb. The consequence is that, the air being compressed, a small 
quantity of water penetrates into the bulb, which therefore becomes 
'haavjer and sinks. If the pressure is relieved, the ^ir in the bulb 
expands, expels the excess of water which has entered it, and the 
appar.aius, being now lighter, rises to the surface. The experimerif 
may also be made by rcplacmg the brass cap and piston by a cover 
of sheet india rubber, which is tightly tied over the mouth. When 
this is pressed by the hand, the^ame effects are produced. 

108. Swimming bladder of fishes.-—Most fishes havg an air- 
* bladder below the spine, which is called the srivimining dlndder. 

'I'he fish can compress or dilate this at pleasure by means of a mus¬ 
cular effort, and produce the same effects as those just described— 
that is, it ran either rise or sink in water. 

109. Swimming.—The human body is lighter, on the whole, 
than an equal volume of water ; it consequently floats on the siuTace, 



^fliicTstill better in sea water, which is heavier than fresh water. The 
difficulty in swimming consists, not so much in floating, as in keep- 
^g the head above water, so as to breathe freely. In man the 
head is heavier than the lower parts, «ind consequently tends to 
sink; and hence swimming is not natural to him, but is an art 
which requires to be learned. Quadrupeds, on the contrary, 
dasily keep the head, which is less heavy than the hinder part 
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of ihe body, ;ibo"e water, and these animals therefore swipi 
naturally. 

If a person who cannot swim, and who falls into the wa^ej:, retains 
coolness enough to turn on his back, so that his face is out of water, 
he can breathe freely, and wait until help arrives, ^stead of this, 
however, he generally attempts to raise his arms out of water, as 
if grasping at some fixed support. This is very dangerous ; for, as 
the arms no longer displace a quantity of liquid equal to their own 
bulk, their weight is not diminished to that extent, but concurs 
with that ©f the head in making him sink. 

Weight for weight, fat persons swim more easily than lean ones, 
fbr they displace more water. For the same reason air-bladders, 
or cork girdles, known as safety beltsfsix^ fastened to persons who 
are learning to swim (fig. 104), for then, without any considerable 
increase of weight, they displace ^ore water, which increases the 
buoyancy and keeps them up. 

Several kinds of birds, such as ducks, geese, and swans, swim 
easily on whaler. They owe this property to a tliick cfxiting of a 
light down, impervious to water, which coV'ers the lower ])art of the 
body, so that even with a small immersion they displace a weight 
equal to their own. 

SPECIFIC GRAVITY. HYDKOMETE'rS 

\^IO. Specific gravity. —Daily experience shows us that different 
substances have very unequal weights for one and the same 
volume. For instance, we all know that gold weighs more than 
silver, lead than iron, stone than wood. In order to compare 
equal volumes of various substances as to their weights, the weight 
of water has been taken as a standard of comparison. For 
water is everywhere met with, and can always be had pure ; this 
latter conAition is necessary, for the weight of a given volume of 
Avater differs with the substances it holds in solution. As, more¬ 
over, the weight varies with the temperature, a constant temperature 
must be adopted. Hence the standard is taken to be distTtfelt'^ 
water at a temperature of 4° C., for at this point, as we shall after- / 
wards see (244), wviter has its greatest density. * . 
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Thus, having agreed to represent by i the weight of a 
certain volume of distilled water at 4" C., the specific gravity 
of a body is the weight of the same volume of it as compared 
with that of water, or, what is the same, the number which 
expresses how much it Weighs as compared with water. 
When we say, therefore, that the specific gravity of gold is 
19, and that of lead ii, we mean that the former metal is 19 
times, and the lat^lr 11 times, as heavy as water. 



WATER MARBLft LEAD PLATINUM 


Fig. 105. • 

In order to get a clearer conception of the relative 
volumes of equal weights of different bodies, let us imagine 
that the square within which this portion of the text is 
inclosed represents the side of a cube of air ; then the 
volumes of equal weights of water, marble, lead, and platinum 
will be r^-presented by the corresponding cubes. 


Ill, Determination of the specific gravity of solids. —'I’liree V< 
methods arc commonly used in determining the specific gravities 
of solids and liquids. These arc—the method of the hyilrostatic 
balance, that of the hydrometer, and that of the specific gravity 
fiask. All three, however, depend on the same principle—that of 
first ascertaining the weight of a body, and then that of an equal 
volume of water. We shall first apply these methods to determin- 
ing^the specific gravity of solids, and then to the specific gravity 
iquids. 

Hydrostatic balance — To obtain the sjiecific gravity of a solid -r.’ 

^piece of iroil, for instance—by means of the hydrostatic balance 
fig. 106), the iron is first weighed in air by suspending it to the hook 
of one of the pans. Let us suppose that its weight is 585 grains 
It is then weighed while immersed in distilled w'atcr, as shown 
in fig. 106. It will now weigh less ; suppose the weight to be 510 


my 

/Wliq 
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grains, this is in accordance with Archimedes’ principle, for ii 
now loses a weight equal to that of the water which it displaces.. 

Hence, subtracting 510 
from 585, the difference 
75 repVescnts the weight 
of the displaced water 
— that is, the weight of a 
volume of water equal 
to tfiat of the iron. We 
need now only calcirlate 
how often the weight 75^ 
that of the water, is con¬ 
tained in 585, that of the 
iron, and the quotient, 
7'8, is the specific gravity 
of iron ; it says that, for 
equal volumes, this sub¬ 
stance weighs 7’8 times 
as much as water. 

V Nicholson's hydro¬ 
meter .—This apparatus 
consists of a hollow 
metal cylinder (fig. 107), to which is fixed a corfe, c/, loaded with 
lead. 'I'he object of the latter is to lower the centre of gravity so 
that the cylinder maintains the horizontal position when in the 
water. At the top is a stem, c, terminated by a pan, on which 
is placed the substance whose specific gravity is to be determined. 
On the stem a standard point, cr, is marked. 

'I'he apparatus stands partly out of the water, and the first step 
is to ascertain the weight which must be placed in the pan in order 
to make th^ hydrometer sink to the standard point, c (fig. 108). Let 
this weight be 125 grains, and let sulphur be the substance whose 
specific gravity is to be determined. The weights are then removed 
from the pan, andjcplaced by a piece of sulphur which weighs 
than 125 grains, and weights added until the hydrometer is again 
depressed to the mark, c. If, for instance, it has been neces.sary to 
add 55 grains, the weight of the sulphur is evidently the diflferencw 
between 125 and 55 grains, that is, 70 grains. 

Having thus dete rmined the weight of the sulphur in air, it is 
now only necessary to ascertain the weight of an equal volume in. 
water. To do this, the piece of sulphur is placed in the lower pan 



Fig. 106. 
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jft df as represented in fig. 109. The whole wdght is not changed, 
.nevertheless the hydrometer no longer sinks to the standard point: 
the sulphur, by immersion, has lost a part of its weight equal to that 
of the water displaced. Weights are added to the upper pan until the 
hjrdrometer sinks again to the standard. This weight—34’4 grains, 
* for example—represents the weight of the volumcoi water displaced : 
that is, of the volume of water equal to the volume of the sulphur. 


It is only necessary, therefore, to divide 70 grains, the weight 
in air, by 34'4 grains,*and the quotient, 2*03, is the specific gravity 
s??ught. • 

"^^Specijic f^ravity flask .—In this method, which is advantageously 
used for the determinatioij of the specific yravity of bodies in a 
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Fig. loS. 


F’lg. log. 


State of powdery a wide-necked bottle is used which can be care¬ 
fully closed byag^round-glass disc (fig. no). Having filled it with 
;^^er, it is closed with the disc, gn'eat care being- taken that not a 
bubble of air is left. After being carefully wiped dry, it is placed 
in the pan 01 a balance, and by its side is the substance, «, whose 
•specific gravity is to be detennined. The whole is then equipoised 
by placing weights in the other pan of the balance. The sub¬ 
stance, is then removed, and weights added in its place, until 
^ equilibrium is again established. The weight necessary for this 
purpose gives the weight of the substance in air. 
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To obtain its weight in water it is placed in the flask, the disc 
adjusted, and the whole again carefully wiped. In order now to 

equipoise the tare in the second patj., weights 
must be added on the side of the flask to 
make up for the watci* displaced. The 
weights necessary for this purpose represent ' 
then the weight of a volume ot water equal 
to that of the body. 

Dividing, then, tht w'eight of the body 
in air by the weight of an equal volump^ 
water, we have the specific gravity sought. • 

112. Specific gravity of liquids.— 
These are deterrtiined by the same methods 
as those of solids. 

, Hydrostatic balamc. —In determining 
the specific gravity of jTliciuid by this means, a body is suspended 
to one of the pans of the balance which is neither dissolved by 
the liquid whose specific gravity is to be determined, nor by 
water-for instance, a ball of platinum, which is insoluble in all 
ordinary liquids. This ball is first weighed in air, then in water, 

. and finally in the liquid in question, which we will suppose is 
alcohol. Let us assume that the ball weighs 510 grains in air, 
in water 486 grains, and in alcohol 489 grains. The loss of 
weight in water has thus been 510 less 486, or 34 grains, and in 
alcohol 510 less 489, or 21 grains ; which tells us that if a volume 

of water equal to that of the 
ball weighs 24 grains, the same 
volume of alcohol weighs 21 
grains. Hence, to obtain the 
specific weight of alcohol we 
must ascertain the number 
which expresses the ratio 21 to 
24, which of course is obtained 
by division. The quotient is 
0-866, which represents 
specific gravity of alcohol as ^ 
compared with water. ^ 

Fahrenheit's hydrometer .— 
This instrument (fig. iii) re¬ 
sembles Nicholson’s hydrometer, but it is made of glass, so as to 
be used in all liquids. At its lower extremity, instead of a pan, * 
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it is loaded with a small bulb containing rnercury. There is a 
standard mark on the stem, at the top of which is a pan. 

The yeight of the instrument is first accurately determined in 
air by means of an ordinaiy balance. Let us suppose that its 
weight is 618 grains, and that the liquid whose specific gravity is 
to be determined is olive oil. The hydrometer is placed in water, 
and the pan, is loaded with weights, until the liquid is level 
with the mark on the stem. Suppose it has been necessary 
to add 93 grains for#this purpose ; these 93 grains, together with 
tl^e 618 which the instrument weighs, make 711 grains, which re¬ 
present the weight of water displaced by the instrument (106). The 
hydrometer is then removed, wiped dry, and immersed in tMfe 
olive oil. Let us suppose Aat now only 31 grains need be added 
to sink the hydrometer to the mark. These, together with the 


618 grains which the instru¬ 
ment weighs, in all 649, 
represent the weight of the 
displaced oil. We thus learn 
tliat ecjual volumes of oil and 
watei ^vcigli respectively 649 
.and 711. Hence we obtain 
the specific gravity of the 
latter as compared with the 
former by dividing 649 by 
711. The quotient is 0*91, 
which teaches us that if 
a certain volume of waiter 
weighs 100 grains, the same 
volume of oil weighs 91 
grains. 

Neither Fahrenheit’s nor 
Nicholson’s hydrometers 
give such accurate results as 
the specific gravity bottle. 

-■ Specific grm'ity bottle .— 
This consists of a cylindrical 
reservoir, b (fig. 112), to 
which is fused a narrow 
tube, ^r, and to this again a 



Fig. 112. 


wider one, ti^ closed by a stopper. 



Fig. TI 3 . 

In determining the specific 


gravity of 




liquid, the bottle is first weighed empty, and then. 
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successively, full of vMter and of the given liquid to the mark c. If 
the weight of the empty bottle be subtracted from the two weights 
thus obtained, the result represents the weights of equal viylumcs of 
water and of the liquid under experiment, from which the specific 
gravity is obtained by division. 

An interesting method of comparing the specific gravities of 
liquids is represented in fig. T13, in which B is a three way tube, 
provided with an india rubber tube and a mouthpiece. One of the 
ends, Aj, being placed in a standard liquid, G„ water for example, 
the other, Aj, is placed in the liquid to be examined. By suction.tive 
liquids are raised in the two tubes, and by means of a clip the tubo 
S'is closed, and the heights in the two tubes above the surface of 
the liquids in G„ Gg read off; the exfferiment is repeated several 
times, and the means of the respective heights taken. They will 
be inversely as the specific gravities 


specific ^^aifities of solids 


Platinum 

. 22’07 

Salt 


Gold 

• 19-36 

Anthracite . 

r8o 

Lead 

• 11-35 

Coal 

1-32 

Silver . 

. 10-47 

Amber . 

1-07 

Copper . 

. 8-87 

Ice at o”C. . 

. 0-93 

Bronze coinage 

. 8-66 

Oak . . ' 

0*84 

Iron 

• 7-78 

Yellow pine . 

0-65 

Zinc 

. 6-86 

Common poplar . 

0-38 

Diamond 

• 3-53 

Cork 

0-24 

Statuary marble . 

2-83 

Snow . 

o-i8 

Aluminium . 

. 2-68 

Pith . 

0-07 

Glass . 

2-48 




Specific ‘gravities of liquids 


Mercury 

1360 

Distilled water at 0*^ C. 

0-99 

Methylene iodide 

3-34 

Claret . 

0-99 

Bromine 

2-96 

Olive oil 

0-91 

•Sulphuric acid 

1-84 

Liquid oxygen 

0-89 

0-87 

Glycerine 

1-26 

Oil of turpentine . 

Milk . 

1-03 

Absolute alcohol . 

o*8o 

Sea water 

1-02 

Ether . 

0-72 

Distilled water at 4® C. 

i-oo 

Pentane 

0*62' 
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* 113. Use of tables of specific gravities. ^-Tables of specific 

. gravities admit of numerous applications. In mineralogy the 
specific gravity of a mineral is often a highly distinctive cha¬ 
racteristic. Jewellers also use them. By means of tables of 
specific gravities the weight of a body may be calculated when 
its volume is known, and, conversely, the volume when its weight 
is known. 

With a view to explaining the last-mentioned use of these tables, 
it will be well to statt the connection existing between the British 
untts of lcn<rth^ capacity^ and weight. It will be sufficient for this 
purpose to define that which exists between the yard^ gallon^ and 
pound avoirdupois^ since other measures stand to these in weff- 
known relations. The yard, consisting of 36 inches, may be re¬ 
garded as the primary unit. The gallon contains 277*274 cubic 
inches. A gallon of distillcdiwater at the standard temperature 
weighs 10 lb. avoirdupois, or 70,000 grains troy j or, which 
conies to the same thing, one cubic inch of water weighs 252*5 
grains. 

On the French or what is called the metric system the metre is 
the primary unit, and is so chosen that to,000,000 metres are the 
length of a quadrant of the mcrid'an from either pole to the equator. 
'I'hc metre contains 10 decimetres, 100 centimetres, or 1,000 niilli- 
inctrcs ; its length equals 1*0936 of a yard or 39*37 inches. It is 
about a quarter of an inch longer than a pendulum which in this 
latitude beats seconds. The unit of the measure of capacity is 
the litre or cubic decimetre. The unit of weight is the gramme.^ 
w'hich is the weight of a cubic centimetre of distilled water at 4° C. 
The kilogramme contains 1,000 grammes, or is the w'eight of a 
decimetre of distilled water at 4^^ C. The gramme equals 15*432 
grains. 

Suppose it is required to calculate the weight of a cubic foot 01 
coal. A cubic foot contains 1,728 cubic inches ; the vveight of a 
cubic foot of water would therefore be 1,728 times 252*5 grains. This 
product divided bv 7,000 (the number of grains contained in a 
pound avoirdupois) gives 62*3 lb. as the weight of a cubic foot 
of water ; and as we learn from the tables that coal is 1*32 times 
•as heavy as water, the vveight of a cubic foot of coal will be i *32 
times 62*3, or 83*16 lbs. 

r 114. Hydrometers. —The hydrometers of Nicholson and 
^ Fahrenheit arc called hydrometers of constant immersion but 
variable weight, because they arc always immersetl to the same 



126 


On Liquids [ 114 - 

depth, but carry different weights. There arc also hydrometers 
of variable immersion but of constant weighty known under the - ' 
different names of acidometer^ alcoholometer^ lactotneterf^xA sac- 
charometer. 

n 115. Beaum€*s hydrometer. —This, which was the first of 
these instruments, may serve as a type of them. It consists of a 
glass tube, AB (fig. 114), loaded at its lower end with mercury, and 
with a bulb blown in the middle. The stem,^he external diameter 
of which is as regular as possible, is hollow, and the scale is mar^gd 
upon it. « 

The graduation of the instrument differs according as the liquid 
for which it is to be used is heavier or fighter than water. In the 
former case it is so constructed that it sinks in water 
nearly to the top of the stem, to a point A, which is 
marked zero. A solution of fifteen parts by weight 
of salt in eighty-five parts of water is made, and the 
instrument immersed in it. It sinks to a certain pf)int 
on the stem, 15 , which is marked 15 ; the distance 
between A and B is divided into 15 equal parts, and 
the graduation continued to the bottom of the stem. 
Sometimes the graduation is on a piece of paper in 
the interior of the stem. 

The hydrometer thus graduatetf oply serves for 
liquids of greater specific gravity than water, such as 
acids and saline solutions. For liquids lighter than 
water a different plan must be adopted. Beaumd took 
for zero the point to which the apparatus sank in a 
solution of 10 parts of salt in 90 of water, and for the 
graduation 10 he took the level in distilled water. 
This distance he divided into ten equal parts, and « 
continued ^he division to t^e top of the scale. 

The graduation of these hydrometers is entirely arbitrary, and 
they give neither the exact densities of the liquids nor the quan¬ 
tities dissolved. But they are very useful in making mixtures or 
solutions in given proportions ; the results they give being suffi¬ 
ciently near in the majority of cases. For instance, it is found 
that a well-made syrup marks 35° on Beaume’s hydrometer, fronl 
which a manufacturer can readily judge whether a syrup which 
is being evaporated has reached the proper degree of concentra¬ 
tion. 

f 116. Gay-Lussac’s alcoholometer. —The spirits ot wine and 
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tile brandy in daily use are essentially a mixt&re of pure alcohol 
.and water. The more alcohol they contain, the stronger they are ; 
the more Vater they contain, so much the weaker are they. Hence 
it is important to have a simple means of exactly determining the 
quantity of water contained in spirituous liquors. This is effected 
by means of Gay-Lussac’s alcoholometer^ which has the same shape 
as Beaumd’s, and only differs in the graduation. This is effected 
as follows :— 

Mixtures of absolifte alcohol and distilled water are made, con- 
taming 5, 10, 20, 30 &c. per cent, of the former. 'The alcoholo¬ 
meter is so constructed that, when placed in pure distilled wate^^ 
the bottom of its stem is le^el with the water, and this point is zero. 
It is next placed in absolute alcohol, which marks 100, and then 
successively in mixtures of different strengths, containing 10, 20, 
30 &c. per cent. The divisiohs thus obtained are not exactly 
equal, but their difference is not great, and they are subdivided 
into ten divisions, each of which marks one per cent, of absolute 
alcohol in a liquid. Thus a brandy in which the alcoholometer 
stood at 48 would contain 48 per cent, of absolute alcohol, and the 
rest would be water. 

All these determinations arc made at 15° C., and for that 
temperature only are the indications correct. For, other things 
being the same, Tf the temperature rises, the liquid expands, and 
the alcoholometer will sink ; and the contrary if the temperature 
falls. To obviate this error Gay-Lussac constructed a table 
which for each percentage of alcohol gives the reading of the 
instrument for each dcj>rec of temperature from o® up to 30°. When 
the exact analysis of an alcoholic mixture is to be made, the 
temperature of the liquid is first determined, and then the point 
^ to which the alcoholometer sinks in it. The number in the table 
corresponding to these data indicates the percentage ^f alcohol. 
From its giving the percentage of alcohol this is often called the 
centesimal alcoholometer. 

TwaddelPs hydrometer is in common use in England for liquids 
denser than water. It is graduated so that the reading or number 
of degrees multiplied by 5 and added to 1000 gives the specific 
gravity referred to water at 1000. Thus 10® Twaddcll represents 
the specific gravity 1050, and 90° represents 1450. 

f 117. Lactometer.—The lactometer A is a form of hydrometer 
^especially graduated for the purpose of ascertaining the quality of 
milk (fig. 115). This is accomplished in the following manner. 
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The instrument is immersed in a vessel containing pure milk, the 
average density of which is ro^22. and the point to which it sinks 

is‘marked zero on a paper strip affixed 
I to the stem. Mixtures are then made 
^ of ^ of pure milk and ^ of water j 
y of and and so on to ^ of milk '* 
and ^ of water. The lactometer is 
successively immersed in these, and 
sinks to differeftt depths; the point 
at which it stops* in each case'^is 
marked by a number on the stem, 
Fir. 115. indicates a milk of a par¬ 

ticular strength—that is, one containing a certain quantity of 
admixed water. 


The lactometer is, however, noinfallible test for the intentional 
adulteration of milk ; for the density of natural milk is subject to 
variation, and an apparent fraud may really be due to a bad 
natural quality of milk. 


• BOOK III 


ON GASES 


CHAPTER I 

PROPERTIES OF C3ASES. ATMOSPHERE. BAROMETERS 

• 

118. Physical properties of gases.—Gases, as we have already 
seen (7), are bodies which neither have form of their own, like 
solids, nor assume the shape of the containing vessel, like liquids, 
but are continually, tending to occupy a greater space. This pro-r 
pertyof gases is known by the names expansibility^ tension^ or^ 
elastic force, fromb which they are often called elastic fluids. ' 

The number of gases with which chemistry makes us acquainted 
is very considerable ; but comparatively few are elementary, of 
which the principal are oxygen, hydrogen, nitrogen, and chlorine. 
Some gases are coloured, but most of them are colourless. Some 
have a disagreeable odour, others are quite inodorous. Some are 
noxious, acting as poison to men and animals which breathe them : 
such are carbonic oxide, which is produced by the combustion of 
^charcoal; sulphuretted hydrogen, which is given off from drains. 
Others are inoffensive, such as nitrogen and hydrogefl; yet an 
animal cannot live in them. They are not deleterious in the 
sense of being poisonous; but they do not support life. The 
only gas which has this property is oxygen : an animal deprived 
of this gas, ev&irfor a short time, soon dies. 

'Gases and liquids have several properties in common^nd some 
in which they seem to differ are in reality only different degrees 
of the same property. Thus, in both the particles are capable of 
moving : in gases quite freely ; in liquids not quite freely, owing 
to a certain degree of viscosity. Both are compressible, though 
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jin very different degrees; if a liquid and a gas both exist unden a 
pressure of one atmosphere, and then the pressure be doubled, the 
water is compressed by about the aiF^^irth part (84), whi//B the gas ' 
is compressed by one-half. In density there is great difference ; 
water, which is the type of liquids, is about 770 times as heavy as 
air, the type of gaseous bodies, while under a pressure of one'^ 
I atmosphere. The property by which gases are distinguished from 
1 liquids is their tendency to indefinite expansion. 

By the aid of pressure and of very low temperatures, the force 
of cohesion i-qay be so far increased in gases that they are ^eon- 
verted into liquids. On the other hand, heat, which forces the 
particles farther apart, converts liquids, such as water, alcohol, 
and ether, into the aeriform state, in Miich they obey all the laws 
of gases. This aeriform state into which liquid may pass is 
' known by the name of vapour^ ^while gases are bodies which, 
f under ordinary changes of temperature and pressure, remain in 

! the aeriform state. 

« 

In describing the properties of gases we shall, for obvious 
reasons, have exclusive reference to atmospheric air as their 
type. 

119. Atmospheric air.—Air is the gaseous fluid in which we 
live. It was regarded by the ancients as one of the four elements. 
Modem chemistry, however, has shown that; it is a mixture of 
oxygen and nitrogen gases in the proportion of 20‘&'Voluro€s of the 
former to 79*2 volumes of the latter. By weight it consists of 23 
parts of oxygen to 77 parts of nitrogen.) 

The oxygen feeds all the combustions which are produced 
round about us ; and it also supports animal life. If it alone 
were present, or even if it were present in a larger proportion, 
combustion would be too brisk, and life too active. The inert 
properties of the nitrogen attenuate the too powerful effects of the* 
oxygen. * 

\ Air is inodorous, transparent, and colourless, at any rate in 
'>■ small masses. In larger masses it is blue ; thus arises the blue 
colour of the sky. Without air the sky would appear black; it 
appears almost so when viewed from the tops of very high moun¬ 
tains, and from balloons , for then the air above is very highly 
rarefied. 

\ Air, too, in virtue of its elasticity, is the medium for transmitting 
sounds'; so that, if we were without it, the use of speech and of 
music would be lost. *' 
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rig. 116. 


- 120. Expansibility of g^ases.—This property of gases, their 
^ tendency to assume continually a greater volume, is exhibited by 
means of ihe following experiment. A blad- 
.Ider closed by a stopcock, moistened so as to 
I render it more flexible, and about half full of 
'air, is placed under the receiver of the air- 
pump (fig. 116), and a partial vacuum is pro- 
, duced, on which the bladder immediately 
‘ distends. A spiral s{)ring only exhibits 
cla'sficity when it is compressed ; it loses its 
efastic force when it has regained its original 
form. Gases have a continual tendency to 
expand ; they have no primitive volume, but, 
however rarefied, they always tend to occupy 
a continually greater space. Bcftft-e the pump 
is worked the pressure inside the bladder is 
'counter-balanced by the air in the receiver, which exerts an equal and 
coiitrary pressure. But when this pressure is diminished, by exhaust¬ 
ing the receiver, the internal pressure becomes evi¬ 
dent. When air i s again admitted into the receiver, the 
bladder resumes its original form. The same eflecls 
would be produced whatever gases were contained 
in the bladder, thiffe showing that all are expansible. 

121. Weight of gases.—From their extreme 
fluidity and expansibility, gases seem to be unin¬ 
fluenced by the force of gravity ; they nevertheless 
possess weight, like solids and liquids. To show^ 
this, a glass globe of 3 or 4 quarts capacity is taken 
(fig. 117), the neck of which is provided with a stop- 
jgpek, which hermetically closes it, and by which it 
rcan be screwed to the plate of the air-pump. The 
* globe is then exhausted as far as possible, and its 
weight determined by means of a delicate balance. 

Air is now allowed to enter, and the globe again 
f weighed. The weight in the second case will be found 
itobe greyer than before, and, if the capacity of the vessel is known, 
!th% increase will obvibusly be the weight of that volume of air. 

By a modification of this method, and with the adoption of 
•certain precautions, the weight of air and of other gases has been 
determined (247). 100 cubic inches of dry air under the ordinary 

atmospheric pressure of 30 inches and at the temperature of 16® C. 



Fig. 117. 
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weigh 31 grains , Ifhe same volume of carbonic acid gas under Ae 
same conditions weighs 47-25 grains ; 100 cubic inches of hydrogen^, 
“the lightest of all gases, weigh 2-14 grains ; and 100 ciAic inch§§ 
of hydriodic acid gas weigh 146 grains. 

The ratio of the density of air at 0° C. and 30 inches pressure 
to that of water at 0 ° C. is found to be as o-ooi 293 is to i. In other' 
words, the latter [s .about Til tipies as heavj^: as the form^r .V ' ‘ ' 

V^22. The atmosphere. Experiments proving its weight. —The 
atmosphere is the name given to the layef of air which, like a 
light coating, surrounds our globe in every part. It shares*"the 
rotatory motion of the globe (31), and would remain fixed relatively ' 
to terrestrial objects but for local circumstances, which produce 
winds, and are constantly disturbing its equilibrium. 

Besides the oxygen, nitrogen, and argon of which the air is com¬ 
posed, there is always present a quantity of aqueous vapour, which 
varies with the temperature, the season, the locality, and the direc¬ 
tion of the winds. The mean amount of this in London is from' 

5 to 6 grains in a cubic foot of air. 

It further contains from 3 to 6 parts in 10,000 of carbonic acid. 
This arises from the respiration of man and animals, from the decay 
of organic matter, and from the combustion of wood and coal. 
This latter cause of the production of carbonic acid increases every 
year. It has been calculated that in Europe albne about 104 mil¬ 
liards of cubic yards of carbonic acid are every ylar sent into the 
atmosphere from this source. This mass of gas is equal to what 
would be produced by 500 millions of individuals, each by the act 
of respiration converting 154 grains of carbon into carbonic acid 
every hour. 

t: Notwithstanding this enormous continual production of carbonic 
acid on the surface of the globe, the composition of the atmospher^^ 
remains practically constant; for plants in the process of growth 
decompose the carbonic acid, assimilating the carbon, and restor¬ 
ing to the atmosphere the oxygen which is being continually con¬ 
sumed in the processes of respiration and combustion. Thus, by 
a natural harmony, the atmosphere retains an almost uniform 
quantity of this gas, so that there seems no fear of its accumulating ‘ 
to such an extent as to be injurious to the human race. The qu#;s- 
tion as to the exact height of the atmosphere must be considered 
as still awaiting settlement 

123. Atmospheric pressure.—Having seen that air has weigl^, 
it is easy to conceive that the enormous mass of air which constitutes 
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\ th€ atmosphere must exert a great pressure on* the surface of the 
1 earth, and on all bodies found there. This pressure is called the 

necessarily decreases as we ascend in the 
■ atmosphere ; for if we conceive the atmosphere resolved into hori¬ 
zontal layers superposed on each other, it is clear that the lower 
layers which support the weight of the whole atmosphere are the 
most compressed and the most dense ; while the higher layers are 
less and less compressed, and therefore less and less dense. This 
is expressed by sayin|f that they are more rarefied or more ra/re^ 
In, Saying that 100 cubic inches of air weighed 31 grains, it was 
understood that air at the sea-level was referred to; at any greater 
height this volume of air would weigh less. * 

The pressure of the atitiosphere may be demonstrated by a 
number of experiments, among which are the following :_ 

’ ‘^4. fa iBi lMing - Qn one end of 

a stout glass cylinder, about 5 inches 
high, and open at both ends, a piece of 
bladder is tied quite air-tight. The 
other end, the edge of which is ground 
and well greased, is pressed on the 
plate of the air-pump (fig. 118). The 
bladder is pressed downwards by the 
weight of the atmosphere, and is pressed 
upwards by th% expansive force of the 
air in the cylinder. These two pressures 
at first counterbalance each other—the 
bladder is equally pressed on both sides ; 
but as soon as the inteinal air is re¬ 
moved from the vessel, l)y the action of 
Jhe air-pump, the bladder is depressed 
by the weight of the atmosphere above 
it, and finally bursts with a loud report. Fig. 118. 

caused by the sudden entrance of the air. 

hewisBhaaa.— • The preceding experiment 
only sen^ ltd illustrate the downward pressure of the atmosphere. 
By means of the Magdeburg hemispheres (fig. 119), invented by 
O^to von Guericke, burgomaster of Magdeburg, it can be shown 
* that the pressure acts in all directions. This apparatus consists 
of two hollow brass hemispheres of 4 to 4^ inches diameter, thci 
qdges of which are made to fit tightly, and arc well greased. One 
of the hemispheres is provided with a stopcock and a short neck, by ^ 
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"'which it can be sci^wedon the air-pump, and on the other there*is 
’a handle. • As long as the hemispheres contain aic 
they can be separated without any difficulty, for 
the external pressure of the atmosphere is coun¬ 
terbalanced by the pressure of the air in the 
interior. But when the air in the interior is 
pumped out by means of the air-pump, the hemi- 
; spheres cannot be separated without a powerful 
effort (fig. 120) ; and as this fs the case in whatever 
position they are held, jt f ollows that the aUito- 
sphcric pressure is exerted in all directions. 

We shall presently see (128) that the pressure 
of the atmosphere on a square inch is equal to 
that of a weight which, in round numbers, may be 
taken at 15 lb. tfience if, in the above experi- 
ment, the area, not of each of the hemispheres, 
but of the circle along which they are pressed, is 
TO square inches, the force by w^hich they arc pressed together is 
150 lb., and this force would be required to separate them. 




Fig. 120. 

Otto von Guericke, the inventor of this apparatus, constructed 
hemispheres the internal diameter of which was about 2 feet; when 
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a| 3 plied against each other and exhausted, twelve horses, six pull¬ 
ing at each hemisphere, were required to separate them. This 
experiment was made at the Diet at Regensburg in 1654. 


DETERMINATION OF THE ATMOSPHERIC PRESSURE. 

BAROMETERS > {. 1 . '' *' ‘ 

. - 

P 126. Torricelli’s experiment—The above experiments demon- 
strate the existence atmospheric pressure, but ^^^ive no 
indteations as to itsamount. The 
following experiment, which was 
first made in 1643 Torricelli, a 
pupil of (hilileo, not merely^roves 
the pressure of the atmosphere, 
but also gives an exact measyre 
of its amount. 

A glass tube C D is taken, 
about a yard long and a quarter of 
an inch internal diameter (fig. 121). 

It is scaled at one end, and is 
quite filled with mercury. 'I'hc 
aperture C being closed by the 
thumb, the tubai is inverted, the 
open end pla<!ted in a small mer¬ 
cury-trough, and the thumb re¬ 
moved. I'he tube being in a 
vertical position, the column of 
mercury sinks, and, fifter oscillat¬ 
ing some time, it finally comes to 
rest at a height, A, which at the 
level of the sea is about 30 
inches above the mercury in the 
trough. The mercury is raised 
in the tube by the pressure of the 
atmosphere on the mercury in the 
trough. There is no opposing pres¬ 
sure inside the tube on the mercury, because it is closed. But if 
the end of the tube be opened, the atmosphere will press equally 
inside and outside the tube, and the mercury will sink to the 
level of that in the trough. It has been shown (97) that the 
heights of two columns of liquid in communication with each 
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other are inversely as the\r densities ; and hence it folloivs that the 
pressure of the atmosphere is equal to that of a column of mercury,,, 
the height of which is 30 inches. That the mercury sank in the 
first case was due to its weight being greater than the pressure of 
the atmosphere. If, however, the pressure of the atmosphere 
diminishes, the height of the column which it can sustain must 
also diminish. 

127. Pascal’s experiments.—Pascal, who wished to prove that 
the cause of the suspension of the mercury in fhe tube was really the 
pressure of the atmosphere, made the following experiments ^l-df 
it were the case, he reasoned, the column of mercury ought to 
descend in proportion as we ascend in the atmosphere (123). He 
accordingly requested one of his relatives to repeat Torricelli’s 
experiment on the summit of the Piiy de D6me in Auvergne. This 
was done, and it was found that mercurial column was about 
3 inches lower there, thus proving that it is really the weight of 
the atmosphere which supports the mercury, since, when this weight 
diminishes, the height of the column also diminishes, ii. Pascal 
repeated Torricelli’s experiment at Rouen, in 1646, with other 
liquids. He took a tube closed at one end, nearly 40 feet long, and, 
having filled it with water, placed it vertically in a vessel of water, 
and found that the water stood in the tube at a height of 34 feet; 
that is, 13*6 times as high as mercury. But since mercury is 13-6 
times as heavy as water, the weight of the column •of water was 
exactly equal to that of the column of mercury in Torricelli’s 
experiment, the tubes having the same section, and it was conse¬ 
quently the same cause, viz. the pressure of the atmosphere, which 
supported the two liquids. Pascal’s other experiments with oil 
and with wine gave similar results. He found, for instance, that a 
column of oil stood at a height of about 37 feet. 

128. Amount of the a^ospheric pressure.—Let us assume 
that the ti!be in the above experiment is a cylinder the cross- 
section of which is equal to a square inch ; then, since the height 
of the mercurial column in round numbers is 30 inches, the column 
will contain 30 cubic inches, and as a cubic inch of mercury weighs 
252*5 X 13*6 = 3433*5 grains = 0*49 of a pound (106), the pressure 
of such a column on a square inch of surface is equal to 14*7 lb, 
In round numbers, the pressure of the atmosphere is taken at 15 lb. 
on the square inch. A surface of a foot square contains 144 square 
inches, and therefore the force exerted upon it is equal to 2,160 lb. 
or a. Xoxi. 
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' A gas or a liquid which acts in such^ a ladnn&c that a square 
inch of surface is exposed to a pressure of 15 lb., is said to exert 
a pressure of one atmosphere. If, for instance, the elastic force 
of the steam of a boiler is so great that each square inch of the 
internal surface is exposed to a pressure of 90 lb. ( ■« 6 x 15), we 
say it is under a pressure of six atmospheres. On the metric sys¬ 
tem the pressure of the atmosphere is equal to 1*033 kilogramme 
per square centimetre ; in practice an atmosphere is taken to be 
the pressure of a kilogtamme on a square centimetre. 

*^1^9. Different kinds of barometers.— instiruinejits 
for measuring, the atmosphcho,pressure are called baromeUrs., 


In ordinary barometers tl^e pressure is measured 
by the height of a column of mercury, as in Torri¬ 
celli’s experiment; the barometers which we are 
about to describe are of this kind. But there are 
barometers without mercury, one of which, the 
aneioid (146), is remarkable for its simplicity and 
poitabihty. 

130. Cistern barometer.—Ordinary barometers 
are classed as syphon and cistern barometers. Fig. 12? 
represents the usual form of the cistern barometei- 
It consists of a glass tube, ai, closed at one end, 
about 33 inches*long, and about i inch m dia¬ 
meter. The tftbe is filled with mercury, and then 
Its open end is inverted in mercury contalhcd in a 
glass vessel. A, of a peculiar shape ; only the front 
half of this is visible, the other being fixed in a 
mahogany board which supports the whole barometei. 
The bottom of the cistern forms a spherical well, 
^hich lb filled with mcrcur>’, and in which the tube 
ai is immersed. The tube is not fixed tightly in the 
neck, so that the atmospheric pressuie is freely trans¬ 
mitted to the mercury of the bath, and thus supports 
the column of mercury ai. If the pressure increases, 
the mercury rises; if it decreases the mercury 
sinks. 



Fig. 122. 


% At the top of the lube, on the right, is a scale divided in inches 
to measure the height of the mercury in the tube. The graduation 
starts from the zero, which is level with the mercury in the bath* 
Uence, if the top of the mercury at a stands at 30 inches, for 

instance, this sigriihes that the'height oi the cotoh 6i )s 
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30 inches. Only a portion of the scale is given, since, under ordinafy 
circumstances, the variations of the atmospheric pressure are, , 
within a very few inches. Where greatei variations octur, as in 
the use of the barometer for measuring heights, the graduated 
part must be longer. 

It will be observed that the starting-point of the graduation, 
the zero, is at the level of the mercury in the cistern. But the 
zero of the scale does not always correspond to the level of the 
mercury in the cistern. For as the atmos^eric pressure is not 
always the same, the height of the mercurial column varfer; 
^ometimes mercury is forced from the cistern into the tube, anti 
sometimes from the tube into the cistern, so that, in the majority of 
cases, the graduation of the scale does not indicate the true height 
of the mercury. To diminish this source of error, the cistern has 
the form represented in fig. 122. lt» upper part, that corresponding 
to the level of the mercury, is about 4 inches in diameter ; so that, 
whether the mercury passes from the cistern into the tube, or from 
the tube into the cistern, as it is spread over a large surface the 
variations in the level arc very small and may be negdected. 

To complete this description, it may be added, that on the 
scale is a small index, c, .sliding along a vertical rod. When marfe 
level with the mercury this index points on the one side to the 
divisions on the graduated scale, and on the othftr side to certain 
designations, the meaning of which will be afterwards stated (137). 

In the middle of the tube are two thermometers, one with a 
Fahrenheit and the other with a Centigrade graduation. 

C 131. Fortin’s barometer .—Fortiifs barometer (fig. 123) differs 
from that just described, in the shape of the cistern. The base 
of the cistern is made of leather, and can be raised or lowered 
by means of a screw ; this has the advantage that a constant level 
can be obtained, and -also that the instrument is made more* 
portable. iFor, in travelling, it is only necessary to raise the leather , 
until the mercury, which rises with it, quite fills the cistern and 
the tube ; the barometer may. then be inclined, and even inverted, 
without any fear that a bubble of air may enter, or that the 
shock of the mercury may crack the tube. 

Fig. 123 shows the details of the construction of the cistern. ],t 
consists of a glass cylinder which allows the mercury to be seen ; 
the bottom of the cylinder is cemented to a boxwood cylinder, 
sz^ on which is firmly fixed at it the chamois leather which^ 
base of the cistern. At the bottom of the leather is a small 
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wt)oclen button, .f, against which the screw C works, by which it is 
.raised or lowered. This screw works in the bottom of a brass 
cylinder, which is fastened on the glass cylinder. Fixed to the 
lid of the cistern is a small ivory pointer, «, the point of which 
exactly corresponds to the zerd on the scale. The upper part of 
the cistern is closed by buckskin, cr, which is fastened to the 
barometer tube, E, and to a tubu- 
lure in the wooden lid M, which 
Rovers the cistern. 'I'fte barometer 
ftHcje is drawn out at the open 
dnd, which is immersed in the mer¬ 
cury. The atmospheric pressure 
is transmitted through the pores 
of the leather. In usinj* this 
barometer, the mercury is frst 
made level with the point rf, which 
is effected by turning the screw 
C either in one direction or the 
other. In this manner the dis¬ 
tance of the top, B, of the column 
of mercury from the ivory point a 
gives exactly the height of the 
barometer, for •the graduation 
is measured ^rom the point a. 

Lastly, the lower part of the cis- 
ern is enclosed in a brass case, 
which is connected with a lid by 
three rods, h k. To the cis¬ 
tern is screwed a long brass case, 
which encloses the whole of the 
tube, as seen in fig. 124. ‘At the 
, top of this case there are two. 
longitudinal slits, on opposite sides 
so that the level of the mercury, 

B, is seen. The scale on the case 
is graduated in millimetres or in 
ijiches. An index, A, moved by 
the hand, gives, by means of a vernier, the height of the mer¬ 
cury to ^1,, of a millimetre. At the bottom of the case is affixed a 
^thermometer to indicate the temperature. 

0 132. Gay-Lussac's syphon barometer.—The syphon barometer 
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has no cistern, but'consists of a bent glass tube (hg. 125), one 
of the branches of which is much longer than the other. The 
longer branch, which is closed at the top, is filled with nwrcury as 
in the cistern barometer ; while the shorter branch, which is open, 
serves as a cistern. The difference between the two levels is the 
height of the barometer. 



Fig. 125. Fig. 126. F!g. 127. Fig, 128. 


Fig. 125 represents the syphon barometer as modified by Gay- 
Lussac. In order to render it more available for travelling by pre¬ 
venting the entrance of air, he joined the two branches by a capillarjj 
tube ; when the instrument is inverted (fig, 126), the tube always 
remains full in virtue of its capillarity, and air cannot penetrate into 
the longer bmnch. A sudden shock, however, might separate 
the mercury %nd admit some air. To prevent this, Bunsen in- 
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ttbduced an ingenious modification into the apparatus. The longer 
.branch, A, is drawn out to a fine point, and is joined to a tube, B, 
of the foiln represented in fig. 127. By this arrangement, if air 
passes through the capillary tube, it cannot penetrate the drawn- 
out extremity of the longer branch, but lodges in the upper part of 
the enlargement B. In this position it does not affect the observa¬ 
tion, since the vacuum is always at the upper part of the tube ; it is, 
moreover, easily removed. 

In (lay-Lussar’s liarometer the shorter branch is closed, but 

I * ' \ 

Hrel-e is a very minute hole in the side i (fig. 127), through which 
fhe atmospheric pressure is transmitted. ^ 

The barometric height Js determined by means of two scales 
(fig. 129), which have a common 4ero at the middle of the longer 
branch, and are graduated in < ontrary directions, the one from the 
middle to and the other frort the middle to cither on the tube 
itself or on brass lules fixed parallel to the tube. Two sliding 
indexes are moved until they correspond to the levels of the mer¬ 
cury in a and b. The total height of the barometer a b is the 
sum of the distances from the middle to a and b respectively. 

Fig. 128 represents a very convenient mode of arranging the 
open end of a syphon barometer for transport. The quantity of ■ 
mercury is so arranged that when the Torricellian space is quite 
filled with mercliry, by inclining the tube the enlargement is just 
filled to d, "ffils is closed by a carefully fitted cork, fixed on the 
end of a glass tube, do^ about a millimetre in diameter, which 
allows for the e.xpansion of mercury by heat. When the barometer 
is to be used, the cork and tube are raised. 

133. Precautions in reference to barometers.—In constructing 
barometers, mercury is chosen in preference to any other liquid. 

^ For, being the densest of all liquids, it stands at the least height. 
When the mercurial barometer stands at 30 inches,^the water- 
barometer would stand at about 34 feet. It also deserves pre- 
erence because it docs not moisten glass. It is necessary that 
the mercury be pure and free from oxide ; otherwise it adheres to 
the glass and tarnishes it. Moreover, if it is impure, its density is' 
diminished, and the height of the barometer is too great. Mercury 
•is purified, before being used for barometers, by treatment with 
dilute nitric acid, and by distillation. 

The space at the top of the tube (figs. 121 and 129), which is 
, called the Torricellian vacuum^ must be quite free from air and 
from aqueous vapour, for either would depress the mercurial 
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column. Now, ghtes tuljes always condense aqueous \'apour 6n 
their surface (69). Under the ordinary pressure of the atmosphere^ 
thfs layer of moisture adheres to the glass ; but in a vacuBin, where 
, there is no pressure, it escapes, and there is formed a mixture of 



air and aqueous vapour which depresses the 
mercurial column. 

The air and moisture can only be got rid 
of by boiling the mercury in the tube. To 
obtain this result a snAll quantity of pure 
mercury is placed in the tube and boiled^^wt 
some time in a suitable apparatus. It is thefi 
allowed to cool, and a further quantity, pre¬ 
viously wanned, acfded, which is boiled—and 
so on, until the tube is quite full ; in this 
manner the moi^^turc and the air which adhere 
to the sides of the tube pass off with the mer¬ 
curial vapour. 

A barometer is free from air and moisture if, 
when it is inclined, the mercury strikes with a 
sharp metallic sound against the top of the 
tube. If there is air or moisture in it, the 
sound is deadened. 

Owing to the capillary deppession produced 
in liquids which do not moisten glftss, the height 
of the column of mercury is somewhat lower 
than the true height, and to a greater extent the 
narrower the tube. Accordingly a correction 
must be made for this, which with a tube 
10 mm. in diameter amounts to o'yz mm. ; for 
a tube 20 mm. in diameter this correction is 
so smal^as to be negligible, and accordingly 
standard mercury barometers are made of at 
least this width. 

In syphon barometers a correction is not 
necessary, since the capillary depressions in the 
two limbs act in opposite directions, and thus 


Fig. 129. 


neutralise each other. ^ 

The Torricellian space at the top of the 


barometer tube is not an absolute vacuum, since it contains the 


vapour of mercury. The existence of this was demonstrated by 
an experiment of Dewar, who applied a sponge filled with liquid 
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aijr against a vessel in which the vacuum • had been made; 
the intense cold caused by the evaporatfon of the air produced a 
* 'deposition of the mercury on the sides of the vessel, in the form of 
a brilliant metallic layer. 

0 134. Glycerine barometer.—Jordan constructed a barometer in 
which the liquid used is pure glycerine. This has the specific 
gravity 1*26, and therefore the length of the column of liquid is 
rather more than ten times that of mercury ; hence small altera¬ 
tions in the atmosphe«ic pressure produce considerable changes in 
tljfi.^eight of the liquid. The tube consists of ordinary composi¬ 
tion gas-tubing about § of an inch in diameter and i8 feet or so in 
length ; the lower end is open and dips in the cistern, which maje 
be placed in a cellar; the ttip is sealed to a closed glass tube an 
inch in diameter, in which the fluctuations of the column are ob¬ 
served. This may be arranged in an upper story, and the tubing, 
being easily bent, lends itself to any adjustment which the locality 
. requires. 

The vapour of glycerine has very low pressure at ordinary 
temperatures, and hence there is not so much objection to the use 
of glycerine for barometric purposes as there would be to that of 
water. On the other hand, it readily attracts moisture from the air, 
whereby the density, and therewith the height, of the liquid column 
vary. Hence it usual to cover the liquid in the cistern with a 
layer of paraffisi oil. 

135. Variations in the height of the barometer.—When the 
barometer is observed for several days, its height is found to vary 
in the same place, not only from one day to another, but also during 
the same day. The extent of these variations—that is, the differ¬ 
ence'between the greatest and the least height—is different in 
different places. It increases from the equator towards the poles, 
^he greatest variations are observed in winter. 

The mean daily height is the height obtained by dwiding the 
sum of twenty-four successive hourly observations by 24. In our 
latitudes, the barometric height at noon corresponds to the mean 
daily height. 

The mean monthly height is obtained by adding together the 
mean daily height for a month, and dividing by 30. 

* The mean yearly height is similarly obtained. 

Under the equator, the mean annual height at the level of the 
sea is o™758, or 29*14 inches. It increases from the equator, and 
laetween the latitudes 30® and 40° it attains a maximum of o'"*763, 
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or 30*04 inches, hi low^r latitudes it decreases, and in Parisi it 
does not exceed o’"*7598, or 29*79 inches. 

The general mean at the level of the sea is o*“*76|, or 29*96 ’ 
inches. The mean monthly height is greater in winter than in 
summer, in consequence of the cooler atmosphere. 

Two kinds of variation are observed in the barometer : ist, the 
acddental variations or changes, which present no regularity ; they 
depend on the seasons, the direction of the winds, and the geogia- 
phical position, and are common in our clilnates; 2nd, the daily 
variations^ wljich are produced periodically at certain hours olUho 
day. 

* At the equator, and between the tropics, accidental variations 
are very infrequent; but the daily variations take place with such 
regularity that a barometer may serve to a certain extent as a clock. 
The barometer sinks from midday fill towards four o’clock ; it then 
rises, and reaches its maximum at about ten o’clock in the evening. 

If then again sinks, and reaches a second minimum towards four 
o’clock in the morning, and a second maximum at ten o’clock. 

In the tempcnite zones there are also daily variations, but they 
are detected with difficulty, since they occur in conjunction with 
accidental variations. The hours of the maxima and minima 
appear to be the same in all climates, whatever be the latitude; 
they merely vary a little with the seasons. • 

136. Causes of barometric changes.—It is observed that the 
course of the b.irometer is generally in the opposite direction to 
that of the thermometer ; that is, that when the temperature rises 
the barometer falls, and vice versd ; which indicates that the 
barometric changes at any given place are produced by the ex¬ 
pansion or contraction of the air, and therefore by its change in 
density. If the temperature were the same throughout the whole 
extent of the atmosphere, no currents would be produced, and a^ 
the same*height the atmospheric pressure would be everywhere 
the same. But when any portion of the atmosphere becomes 
warmer than the neighbouring parts, its specific gravity is dimin¬ 
ished, and it rises and passes away through the upper regions of 
the atmosphere ; whence it follows that the pressure is diminished, 
and the barometer falls. If any portion of the atmosphere retains 
its temperature, while the neighbouring parts become cooler, the 
same effect is produced; for in this case, too, the density of the 
first-mentioned portion is less than that of the others. Hence also 
it usually happens that an extraordinary fall of the barometer at* 
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on« place is counterbalanced by an extraordinary rise at another 
iplace. The daily variations appear to result from the expansions 
and contractions, which are periodically produced in the atmosphere 
by the heat of the sun during the rotation of the earth, 
t 137- Relation of barometric changes to the state of the weather.— 
It has been observed that, in our climate, the barometer is gene¬ 
rally above 30 inches in fine weather, and is below this point when 
there is rain, snow, wind, or storm, and also, that for any given 
number of days on wHlch the barometer stands at 30 inches, there 
a>e hs many fine days as rainy days. From this coincidence 
between the height of the barometer and the state of the weather, -- 
the followinjj indications have been marked on the barometer, 
counting by thuds of an inch above and below 30 inches :— 


Height 




State of the weather 

31 inches . 




Very dry 

30 ^ „ . 


• • 

a 

. Settled weather 

30^ „ . 


p • 


. Fine weather 

30 » • 


• • 


Variable 

29 g » • 


• • 


Rain or wind 

39 i „ . 


• t 


. Much rain 

39. » • 


• ■ 

• 

Storm 


In using the barameter as an indicator of the state of the weather, 
we must not forgibt that it really only serves to measure the pressure 
of the atmosphere, and that it only rises and falls as this pressure in¬ 
creases or diminishes ; and although a change of weather frequently 
coincides with a change in the pressure, they are not necessarily 
connected. This coincidence arises from meteorological condi¬ 
tions peculiar to our climate, and does not always occur. That a 
fall in the barometer usually precedes rain in our latitudes is caused 
the position of Europe. The most frequent winds are the 
south-west and north-east. The former coming to us from the 
equatorial regions are warmer and lighter. They often, thereforcj 
blow for hours or even days in the higher regions of the atmo¬ 
sphere before manifesting themselves on the surface of the earth. 
The air is therefore lighter, and the pressure lower. Hence a fall 
of |he barometer is a probable indication of the south-wesi winds, 
which gradually extend downwards, and, reaching us after having 
• traversed large tracts of water, are charged with moisture, and 
bring us rain. 

* The north-east wind blows simultaneously above and below, but 

L 











On Gases 




the hindrances to the motion of the current on the earth, by hills, 
forests, and houses, cause the upper current to be somewhat in . 
advance of the lower one, though not so much as the South-west 
wind. The air is, therefore, somewhat heavier even before we per- • 
ceive the north-east, and a rise of the barometer affords a forecast 
of the occurrence of this wind, which, as it reaches us after having 
passed over the immense tracts of dry land in Central and Northern 
Europe, is mostly dry and fine. 

The case is different in other countries^' Thus on the eastern 
coast of South America, at the mouth of the River Plate, ^inds 
^from the south-east bring rain and by their low temperature cause 
the barometer to fall. 

When the barometer rises or sinks skn\ly—that is, for two or 
three days—towards fine weather or towards rain, it has been found, 
from a great number of obscrvati(xis, that the indications are then 

I extremely trustworlh). Sudden changes in 
either direction indicate bad weather or wind, 
r 138. Wheel-barometer. — Fig. T 30 represents 
the principle of the nvheel-barometci\ vvhich 
was invented by Hooke; it is a syphon baro¬ 
meter, and in the shorter leg there is a float 
which rises and falls with the mercury. A string 
attached to this float passes rbund a pulley, and 
at the other end there is anefther and some¬ 
what lighter weight. An index fixed to the 
pulley moves round a graduated circle, on whi( h 
is marked variab/e, rain, fine weather, etc. 
When the pressure varies the float rise^ or 
sinks, and moves the index round to the corre¬ 
sponding points on the scale. 

The b^trometers ordinarily met with m 
houses, and which are called weather-glasses, 
are of this kind. They are, however, of little 
use, for two reasons. The first is that they are 
neither very delicate nor precise in their indica¬ 
tions. The second, which applies equally to all 
barometers, is, that those commonly in use in this country are 
made in London, and the indications, if they are of any value, 
are only so for a place at the same level and of the sjime climatic 
conditions as London. Thus a barometer standing at a ceitain 
height in London would, indicate a certain state of weatht'r but 
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if I’emoved to Shooter’s Hill it would Stand half an inch lower 
, ^nd would indicate a different state of weather. As the pressure 
differs wiA the level and with geographical conditions, it is neces¬ 
sary to take these into account if exact data are wanted 
0 139. Weight-barometer.—Great attention has been paid of 
late years to the systematic observations of meteorological instru¬ 
ments, and fig. 131 represents the essential parts of a self-acting 
arrangement by which changes in the barometric height may be 
obs9jved and recorded. If is an application of what is called a 
weight-barometer. • 

" The barometer-tube is much wider at the top B., and the other'^ 
end A., which dips in merctyy, is drawn out to a fine point. The 
barometer is suspended by a stirrup, 

C’, to one arm, Z?, of a scale-beam. 

The other arm, Z% is bent down¬ 
wards, and is provided with a slid- 
’ ing weight, by which the barometer 
may be counterpoised. To the 
beam is fixed a spring indicator, 

A', which has a pencil, Z?, at the 
end. This presses against a strip 
of paper, P /*, which, by means 
of a clockwork Srrangement not 
represented in^he figure, is moved 
at a regular and definite rate. 

If now the barometer is sta¬ 
tionary, and the clockwork is in 
motion, the pencil, A’, will describe 
a Straight line on the paper as it 
moves. If, however, the pressure 
of the atmosphere increases, the 
column of mercury becomes heavier, for it is longer, the scale- 
beam sinks somewhat on the side of /?, and therewith the index, 
A, moves to the right. The reverse is the case when the pressure 
of the atmosphere decreases. Hence, as the pressure varies, the 
pencil will trace out a curve on the.paper ; and, by calculations 
based on the construction and dimensions of the apparatus, which 
are determined once for all for each instrument, the numerical 
significance of the curve is obtained at a glance. 

140. Determination of the heights of places by the barometer.—^ 
One of the most important of the uses of the baroraetef', bais 
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been its application to the measurement of the heights of plaCes 
above the sea level. For if we suppose the atmosphere divided , 
into horizontal layens of equal thickness, a hundred for distance, a 
barometer at the sea level would support the weight of a hundred 
of these layers. If it were raised in the atmosphere to the 
height of ten such layers, it would now only support the weight 
of ninety such layers ; and the mercury would therefore necessarily 
sink. It would sink still further if it were raised to the twentieth 
layer, and so on to the limit of the atmosphere, if that were poss^ible. 
There it would be under no pressure, and the level of the mercury 
in the tube and in the cistern would be the same. 

As the mercury sinks in proportion ,as we rise in the atmosphere 
we might, from the amount by which it is lower, deduce the height 
above the sea level. If air had everywhere the same density up to 
the extreme limit of the atmosphefe, the calculation would be very 
simple; for as mercury is about 10,500 times as heavy as air, an 
inch of the barometer would correspond to a column of air of about 
875 feet; hence, in ascending a mountain, a diminution of an inch 
in the height of the barometer would correspond to an ascent of 
about 875 feet. But the density of the air decreases as wc ascend, 
for the layers of air necessarily support a less weight ; hence, the 
measurement of the heights by the barometer is not so simple as 
we have supposed. Very complete tables hate, however, been 
constructed, by which the difference in height bAween any two 
places ma> be readily ascertained, if we know the corresponding 
heights of the barometer. For small elevations we may assume 
that an ascent of 900 feet produces a depression of an inch in the 
height of the barometer. For measuring heights by the barometer 
the aneroid (146) is extremely convenient. 

On the top of the Righi the density of the air is only about 
of its density at the s^ level; or, what amounts to the same thing, 

11 cubic %et of air at the sea level weighs as much as 14 cubic 
feet taken from the top of the mountain. 

If a barometer be taken from the cellar to the fourth or fifth story 
of a large house, it will be found to stand of an inch or so lower. 

141. Height of the atmosphere.- In virtue of the expansive 
force of the air, it might be supposed that the particles wou’d 
expand indefinitely into the planetary spaces. But, as the air ex¬ 
pands, its expansive force decreases, and is further weakened by 
the low temperature of the upper regions of the atmosphere, so that 
at a certain height the expansive force is balanced by the action of 
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gravity. It is therefore concluded that the atmosphere is limited. 
We may get an idea of the relation between the dimensions of the 
earth and^ts atmosphere, by imagining a globe i foot in diameter 
covered by a sheet of paper about ^ of an inch in thickness. In 
the lower regions of the air 13 cubic feet of air weigh one pound; 
at a height of 36 miles calculation shows that 84,000 cubic feet 
have that weight. 

From the weight ojthe atmosphere, and its decrease in density 
s rise in the air, its height has been calculated at not less than 
miles. Observations of shooting-stars make it probable that 
they become visible at a height of from 90 to 130 miles. As their^i 
luminosity is ascribed to the heat developed by their friction 
against the atmosphere (23), we must suppose that at this great 
height there is some atmosphere, though it must be extremely 
attenuated • 


142. The pressure of the atmosphere is transmitted in all 
directions.—The atmosphere, like any other mass of fluid (84*), 
must necessarily transmit its pressure in all directions, upwards 
and laterally as well as downwards. A striking instance of this 
is seen in the Magdeburg hemispheres (125), and the following 
experiment furnishes another illustration of this point. 

A tumbler full of water is carefully covered with a sheet of paper, 
which is kept jp posi¬ 
tion by one hand, while 

tumbler is inverted. 

Removing then the 

hand which held the m *\Wf I 

paper, the water does m ' I 

jiot fall out, both water |l 

and paper being kept ^ f 

in position by the up- 

ward pressure (ng. 132). I 

The object of the paper is to present a flat surface of water, for 
otherwise the water would divide, and would allow air to enter, and 
then the experiment would fail. 

* The use of the wine-tester also depends on the pressure of the 
atmosphere. It consists of a tin tube (flg. 133) terminating at the 
bottom in a small cone, the end of which, <?, is open ; at the top 
•there is a small aperture, which is closed by the thumb. The two 
ends being open, the tube is immersed in the liquid to be tasted ; 
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closing then the upper'end by the thumb, as shown in the 
figure, the tube is withdrawn, and remains filled in con; 
sequence of the pressure "at o. But if the^thumb be 
withdrawn, the pressure is transmitted both upwards 
and downwards, and the liquid flows out in obedience to 
the action of gravity. The pipette (fig. 134), which is 
used for adding a measured number of drops, is similarly 
explained. 

143 - l^eswire ainnorted br tfe human bodv.^The 

surfece of the body of a man of middle size is about 
16 square feet; the pressure, therefore, which a man 
supports on the surface of his body is 37,560 lb., o’- 
upwards of 16 tons. .Such an enormous pressure might 
seem impossible to be borne ; but it must be remembered 
that in all directions there arc equal and contrary pres¬ 
sures which counterbalance one another. It might also 
be supposed that the effects of this force, acting in all 
directions, would be to press the body together and 
crush it. But the solid parts of the skeleton could resist 
a far greater pressure ; and as to the liquids contained 
Fig. 134. in the organs and vessels, it is clear from what has been 
said about liquids (84) that they are virtually incompressible. The 
internal air, too, is compressed by the weight df the atmosphere, 

and is under the same pressure as the 
outer air, but resists it in virtue of its 
elasticity, being, in short, like a bottle full 
of air. The sides of the latter are pressed 
in by the weight of the atmosphere ; but 
they can stand this, however thin their 
walls, for the pressure of the gas from 
within quite counterbalances that which 
presses on the outside. 

The following experiment (fig. 135) il¬ 
lustrates the effect of atmospheric pressure 
on the human body. A glass vessel open 
at both ends, being placed on the plate ot 
the air-pump, the upper end of the cylinder 
is closed by the hand and the pump is 
worked. The hand then becomes pressed 
by the weight of the atmosphere, and can only be taken away by 
a gr^at effort. And as the elasticity of the gas contained in the 
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oi^ans is not counterbalanced by the weight of the atmosphere, 
the palm of the hand swells, and blood tends to escape fiom the 
pores. • 

In balloon ascents, and on very high mountains, tnivellers 
experience a strong pressure of blood towards the nose and eyes, 
owing to the fact that the clastic force of the enclosed air prepon¬ 
derates over the greatly 
diminished pressure of 
the^utcr air. * 

A curious illustration 
of this influence of atmo¬ 
spheric pressure is niel 
with in the stuicturc of 
the arms and legs : the 
upper armbone, with its 
enlarged and rounded 
' end, is jointed inasmooth 
and vacuous cavity of the 
shoulder-blade; the up- 
jier thigh-bone is jointed 
in a similar manner (fig. 

136). In o!dinary cir- 
cunistames, the jJressure of the outei air keeps these limbs in their 
place, so that* muscular force is not required to raise them. But 
in high mountain ascents a remarkable feeling of fatigue is felt; 
for then, owing to the diminished external pressure, the muscles 
aic called upon to help in supporting the arms and 
legs. 

The operation of cupping in medicine is an ap¬ 
plication of the effect of removing the atmospheric 
“pressure from the human body. The human mouth 
applied upon a cut, in the action of sucking, is a 
kind of cupping apparatus. The mouth of the leech 
is such an apparatus with one lancet. 

Cupping is conveniently effected by means of 
the apparatus represented in fig. 137. The stout 
. ipdia rubber ball is compressed and the glass applied 
against the part treated. The sides of the ball resume their form 
and in doing so produce a partial vacuum, so that if an incision is 
the skin has been made blood flows into the vessel. 
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CHAPTER II 


MEASUREMEMT OF THE ELASTIC FORCE OF GASES 

c 

^ ^ . 

144. Boylg's law .—-The law of the compressibility of gases 

was discovered by 
Boyle in 1662 and 
subsequently in 
1679, though in¬ 
dependently, by 
Mariotte. It is 
in England called 
Boyle's law, and 
on the Continent 
Mariettas law. It 
is as follows :— 

* The tempera- \ 
tUre remaining the I 
saiAe^ the volume of ) 
a given quantity of \ 
gas is inversely as 
the pressure which 
it bears.' 

This law is 
easily verified by 
means of an appa> 
ratus called Boyles 
tube (fig. 138), It 
consists of a long 
glass tube fixed to 
a vertical support; 
it is open at the top, 
and the other end, 
^38. Fig. 139. which is bent into a 

short vertical leg, is closed. On the shorter leg there is a scald 
which indicates equal capacities \ the scale against the long leg 
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gives the heights. The zero in both scales is*on the same hori- 

. zontal line. 

• « 

A small quantity of mercury is poured into the tube, so that its 
• level in both branches is at zero, a condition which is effected without 
much difficulty. The air in the short leg is thus under the ordinary 
atmospheric pressure. If mercury be then poured into the longer 
tube, the volume of the air in the 
smaller tube is gradually reduced. If 
^thi^be continued untiPthe volume is 
only one-half—that is, until it is re- 
^ duced from 10 to 5, as shown in fig. 

139- and if the height of the mer¬ 
curial column, C A, be measured, it 
will be found to be exactly equal to ^ 
the height of the barometer at*the I 
time of the experiment. Thepres- 
’ sure of the column C A is therefore 
equal to an atmosphere, which, with 
the atmospheric pressure acting on 
the surface of the column at A, makes 
two atmospheres. Accordingly, by 
doubling the pressure, the volume 
of the gas has btfen diminished to 
one-half. * 

If mercury be poured into the 
longer branch until the volume of 
the air is reduced to one-third its 
original volume, it will be found that 
the distance between the mercury 
surfaces of the two tubes is equal 
to two barometric columns. The 
pressure is now three atmospheres, 
while the volume is reduced to one- 
third. Dulong and Petit have veri¬ 
fied the law for air up to 27 atmo- *40* 

spheres, by means of an apparatus analogous to that which has 
been described. 

The law also holds good in the case of pressures of less than one 
atmosphere. To demonstrate this, mercury is poured into a gradu- 
, ated tube, until it is about two-thirds full, the rest being air. It is 
then inverted in a deep trough, P M, containing mercury (fi^. 140) 
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and lowered until the levejs of the mercury inside and outside die 
tube are the same, and the volume A B, which is then under a pres¬ 
sure of one atmosphere, is noted. The tube is then,-raised as 
represented in fig. 141, until the volume of the air, A C, is doubled. , 
'Die height of the mercury in the tube above the 
mercury in the trough C D is then found to be exactly 
half the height of the barometer at the lime of the 
experiment. Accordingly, for half the pressure, the 
volume has been doubled. ^ 

In the experiment with Boyle’s tube, sinc^ the'*' 
quantity of air remains the same, its density must 
obviously increase as its volume diminishes, and vice 
versd. The law may thus be enunciated: ‘ For the 
same temperature the density of a gas is proportional 
to its pressure^ Herjee, since water is 773 times as 
heavy as air, under a pressure of 773 atmospheres air 
would be, supposing the law to remain the same at 
that pressure, as heavy as water. 

Boyle’s law is not strictly true. For air and all 
gases except hydrogen the volume diminishes in a 
greater ratio *than the pressure increases. For 
example, if the pressure is increased to 30 atmospheres 
the volume is reduced to something Jess than a 
30th of its original value. The devi^dtion from the 
law first increases and then diminishes ; at a pressure 
of about one ton per square inch it vanishes, and air 
accurately obeys the law. 

I'he deviations being small we may regard 
Boyle’s law as being exact for all gases at ordinary 
pressures. 

0 i45..Ji/Ianometers.— Manometers are instruments 
for measuring the pressure of gases or vapours. In 
all manometers the unit chosen is the pressure of 
one atmosphere, or 30 inches of mercury at the stan¬ 
dard temperature, which, as we have seen (128), is 
nearly 15 lb. to the square inch. The open-air 
manometer is represented in fig. 142 fixed against ^a 
board fastened to a wall and connected by a long tube C with a 
steam boiler, not shown in the figure. It consists of a glass tube 
about 20 feet in height, open at the top, and containing mercury in^ 
the enlargement A. 
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• When the pressure of the steam in the boiler is equtU to that of the 
, ^atmosphere, the level of the mercury is the same in both branches. 
At this le»el the number i is marked on the board. Then since a 
column of mercury 30 inches in height represents a pressure of an 
atmosphere, the number 2 is marked at this height above i ; at a 
height of 30 inches above this the number 3 is 
marked, and so on, each interval of 30 inches re¬ 
presenting an atmosphere. Thus, for instance, if 
^the jjpercury has been forced up to 3^, as represented 
in the bgure, that would indicate that the pressure 
of the steam in the boiler is 3^ atmospheres ; so 
that, on each square inch of the inner surface of 
the boiler, there is a pressure of 3|^x 15 lb., or 
52^ lb. 

The manometer with compnrsscd air is founded 
on Boyle’s law ; .it consists of a glass tube closed 
at the top (fig. 143), and filled with dry air. It is 
firmly cemented in a small bath containing mercury. 

By a tubulure, this bath is connected with the 
closed vessel containing either the gas or vapour 
whose pressure is to be measured. 

In the graduation of this manometer, the quan¬ 
tity of air contained in the tube is such that, wdien 
the aperture A)mmunicates freely with the atmo¬ 
sphere, the level of the mercury is the same in the 
tube and in the bath. Consequently, at this level, 
the number i is marked on the scale to which the 
tube is affixed. As the pressure acting through the tubulure A 
increases, the mercury rises in the tube, until its weight added 
to the pressure of the compressed air is equal to the external 
*pressure. It would consequently be incorrect to mark two atmo¬ 
spheres in the middle of the tube ; for since the volume*of the air 
is reduced to one-haltj its elastic force is equal to two atmospheres, 
and, together with the weight of the mercury raised ij the tube, 
is therefore more than two atmospheres. The position of the 
number is a little below the middle at such a height that the pres- 
^re of the compressed air, together with that due to the mercury 
in the tube, is equal to two atmospheres. The exact position of 
the numbers 2, 3, 4, etc., on the manometer scale can only be 
.determined by calculation. 
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^146. Aneroid barometer.—This instrument derives its nai^ 
from the circumstance that no liquid is used in its construction . 

(a, without, moist). 
Fig. 144 represents one 
of the forms of these 
instruments ; it consists 
of a cylindrical metal 
box^ partially exhausted 
of air, the top of whifj,h is^ 
made of thin corrugated 
metal, so elastic that it . 
readily yields to altera¬ 
tions in the pressure of 
the atmosphere. 

When the pressure in¬ 
creases, the top is pressed 
inwards ; when, on the 
contrary, it decreases, the 
elasticity of the lid, aided 
by a spring, tends to 
move it in the opposite 
direction. These mo¬ 
tions are transmitted, by delicate multiplying IdVers, to an index 
which moves over a scale. I’he instrument is gra<fuated by trial, 
by compaiing its indications, under different pressures, with those 
of an ordinary mercury barometer. 

The aneroid has the advantage of being portable, and can be 
constructed of such delicacy as to indicate the difference in the 
pressure of the atmosphere between the height of an ordinary 
table and the ground. It is hence much used in surveying and 
in determining heights in mountain ascents. But it is somewhat 
liable to get out of adjustment, especially when it has been sub¬ 
jected to i^freat variations of pressure; and its indications should 
from timk to time be compared with those of a standard baro¬ 
meter. 

An aneroid indicating differences of one to two feet was used 
by tlie late Mr. Ralph Abercrombie to determine the height of 
ocean waves on a voyage from New Zealand to Cape Horn; he 
found the average to be 47 feet. 
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MIXTURE AND SOLUTION OF GASES 


147. Mixture of g^aaes.—We have seen (98) that liquids, when 
they do not mix with or act chemically on each other, tend con¬ 
tinually to separate, and to become superposed in the order of 
their densities. This is not the case with gases ; being under a 
continual tendency to expand, when they mix, they do so in equal 
.pro|j(srtions in all parts of the vessel in which they are contained, 
and the pressure of the mixture is equal to the sum o&the pressures 
of the constituents. , 

This result was shown experimentally by Berlhollet, by means 
of an apparatus represented in fig. 145. It consisted of two glass 
globes provided with stopcoi ks, whu h could be screwed one on 
the other. The upper globe wa^f filled with hydiogen, and the lower 
one with carbonic acid, which has 
22 times the density of hydrogen. 

The globes having been fixed together 
were plat ed in the cellars of the Pans 
Observatory, and the stopcocks were 
then opened, the globe containing 
hydrogen being uppermost. Berthollet 
found, after some* time, that the pres¬ 
sure had not changed, and that, in 
spite of the great difference in density, 
the two gases had become uniformly 
mixed in the two globes. Experiments 
made, in the same manner, with other 
gases gave the same results, and it was 
found that the diffusion was more rapid 
in proportion as the difference between 
the densities was greater. 

In accordance with this principle, 
air being a mixture of nitrogen and 
oxygen, which are different in density, 
its composition should be the same in all parts ot the atmosphere, 
which in fact is what has been observed. 

This is not inconsistent with the fact that there may be local 
accumulations of gases, such as carbonic acid in deep pits ; in such 
cases some cause is at work producing the gas in question faster 
than It diffuses. 
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Mixtures of gases conre under Boyle’s law, like simple gases, 
as has been proved for air (144), which is a nuxture of nitrogen, 
and oxygen. ® 

The diffusion* of gases was investigated by Graham. Numerous 
experiments illustrate it, some of the most interesting of which are 
the following:— 

A glass cylinder closed at one end is filled with carbonic acid 
gas, its open end tied over with a bladder, and the whole phaced 
under a jar of hydrogen. Diffusion takes place between 4j!}em 
through the porous diaphragm, and after the lapse of a certain time 
^hydrogen has passed through the bladder into the cylindrical vessel 
in much greater quantity than the carbonic acid which has passet’ 
out, so that the bladder becomes very much distended outwards 
(fig. 146). If the cylinder be filled with hydrogen and the bell-jar 



Fig. 146. Fig. 147. 


with carbonic acid, the reverse phenomenon will be produced -the 
bladder will be distended inwards (fig. 147). 

A tube about 12 inches long, closed at one end by a plug of dry 
plaster of Paris, is filled with dry hydrogen, and its open end then 
immersed in a mercunis* bath. Diffusion of the hydrogen towards 
the air ta^es place so rapidly that a partial vacuum is produced, 
and mercery rises in the tube to a height of several inches (fig. 148). 
If severatsuch tubes are filled with different gases, and allowed to 
diffuse into the air in a similar manner, in the same time, different 
quantities of the various gases w'ill diffuse, and Graham found that' 
the law regulating these diffusions is that the quantity of a gas 
which passes through a porous diaphragm in a given time is in¬ 
versely as the square root of the density of the gas. Thus, if# two 
vessels of equal capacity, containing oxygen and hydrogefi, be^, 
sepamted by a porous plug, diffusion takes place; and after "the 
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lapse of some time, for every one part of 'oxygen which has passed 
into the flydrogen, four parts of hydrogen have passed into the 
oxygen. ■•Now, the density of hydrogen 
being i, that of oxygen is 16 ; hence the 
diffusion is inversely as the square roots of 
these numbers. It is four times as great in 
the one which has the density of the 
other. ^ 

«. Mixture of gases and liquids. 

Absorption of gases.—Water and many 
other liquids jiossess the property of absorb¬ 
ing gases. Under the same conditions of 
pressure and temperatui c a licjuid docs not 
absorb equal quantities of different gases. 

At the ordinary temperatui e Ind [iressure 
water dissolves volume of nitro- Fig. 148. 

gen, its volume of oxygen, its own volume of carbonic acid, 
3*5 hW** volume of sulphuietted hydrogen, 43*5 of sulphurous 
acid,^5o of hydiochloric acid, and 729 times its volume of 
amftihnia. 

The number which expresses how many volumes of a gas one ' 
volume of a liquid will absorb is called its loefficient of absorption. 

The general laws of gas-absorption are the following : 

1. For the same gas.^ the same liquid., and the same temperaturey 
the weight of gas absorbed is proportional to the pressure. This 
may also be expressed by saying that at .all picssures the volume 
dissolved is the same ; or that the density of the gas absorbed is 
m a constant relation with that of the external gas which is not 
absorbed. 

^Accordingly, when the pressure diminishes, the quantity of 
dissolved gas decreases. If a solution of a gas in watci^bc placed 
under the air pump and the pressure is diminished, the gas obeys 
its expansive force and escapes with effervescence. | 

The manufacture of aerated waters is a practical ap^ictUion of 
this law. By means of force-pumps (160) an excess of carbonic 
acid is dissolved in the water, and the solution is then preserved 
m carefully corked vessels. It is the carbonic acid dissolved 
in beer, in champagne, and in all effervescing liquids, which, 
ra escaping when the bottles are uncorked, produces the 
• well-known report, and carries with it .1 greater or less quantity of 
the liquid. , 




i6o 


On Gases 


1141- 

II . The quantity of gas adsorbed is greater when the temperature 
is lower : that is to say, when the elastic force of the gaS'is less. 

III. The quantity of gas which a liquid can dissolve is inde¬ 
pendent of the nature and of the quantity of other gases which it 
may already hold in solution. 

For instance, if a given volume of water be already saturated 
with oxygen, of which it dissolves about ^ of its volume, it would 
still dissolve its own volume of carbonic acid if it were pla^'ed in 
^n atmosphere of that gas. * ^ 
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" ^ CHAPTER III 

'ARATUS WTTICH DEPEND ON THE PROPERTIES OF AIR 


I 


149. Air-pump. The air-pump is an instrument by which a * 
vacuum can be produced in a given spare, or rather by which air 
can be greatly raicficd, for a pcricct v.ic,uuin cannot be produced 
by Its means. It was invented jDy Otto \on Guericke in 1650,^4 
few years after the invention of the barometer. 

Fig. 149 gives a perspective \iew of the pump, fig. 150 gives a 
detailed longitudinal section, and fig. 151 a cross-section. 

The pump consists of two stout glass barrels in which two pis-' 
tons, P and Q, made of leather well soaked with oil, move up and 
dow'n, and close the barrels aii -tight. The pistons are fixed to two 
racks, A and B, working with a pinion K (fig. 151), which is moved 
by the handle M so that when one piston rises the other descends. 

Tbatwo barrels arc firmly cemented on the base, H, which is of 
braSiw^ this plate is a column, I, tenninated by a plate, G. On 
ihjjjimmt is a glass bell-jar which is called the receiver. In the 
IiMBw of the column is a conduit, w'hich is prolonged below the 
the two barrels. It there branches in the shape of4, 
a TpSaminating in two apertures, a and in the bottom of the^ 
cylinders. These apertures arc conical, and are closed by two 
small conical valves ; these latter are fixed to metal rods which 
work air-tight, but with gentle friction in the pistons.* In the 
^pistons is a cylindrical cavity communicating with the Itwer part 
of the pump by two apertures,and t (fig. 151). These Ipertures 
are closed by small clack-valves, kept in position by springs which 
surround each of the rods themselves. The four valves, dr, b, j, /, 
oqpn upwards. 

/rhese details being known, the working of the machine is 
rc^!^y understood. It is sufficient to consider what take% place in 
§ single piston (fig. 150) The piston P being first at the bottom 
of its stroke, on rising it lifts the rod which traverses it, and 

nc 
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therewith the valve which remains open during the ascent. The 
valve /, which is in the piston, remains closed by the action of the 
spring and by the pressure of the atmosphere, which •cts in the 
barrel through an aperture, r, in the cover. From this position of 
the two valves, it- will be seen that, as the piston rises, the external 


pressure of the atmosphere cannot act in the bottom of^he barrel, 
but the air of the receiver, in virtue of its elasticity, ej^nds and 
passes by the conduit, I and H, into the barrel. The recover is 
still full of air, but it is more rarefied ; it is fess dense. ^ 
When the piston descends, the rod which bears the valve, a. 



Fig. 149. 

descending with it, communication between the receiver and the 
barrel i^cut off. The pressure of the air in the barrel increaises, 
and finally overcomes the atmospheric pressure ; so that the valve 
/, being pressed upwards by the air in the interior more strongly than 
it is pressed downwards by the atmosphere, is raised, and allows the 
air of the barrel to escape into the upper part of the barrel, lyid 
thence into the atmosphere. Thus a certain quantity of air. ’las 
been removed. A fresh quantity is removed at a second stre ce 01 ' 
piston, another at the third, and so on. The air in the rdceivejr 
ffe t^us gradually more and more rarefied; yet the air cannot be 




pumps was first introduced by Hawksbee. 

0 150. Measurement of the degree of rarefaction in the receiver.— 
Since a perfect vacuum cannot be obtained in the receiver, it is 
useful to have a means of ascertaining the degree of rarefaction 
at any particular time. This is effected by means offe glass 
cylinder, E, connected jjy a brass tube with the conduil in the 
column I (fig. 149). In this cylinder is placed a bent glass tube, 
closed at one end and open at the other. This is called the 
air^mmp gauge. It is fixed against a plate, on which is a gradu- 
ated^cale. The closed branch being at first full of mercury, so 
long ahthe air in the receiver R and in the cylinder E has sufficient 
psess^e, it sustains the mercury in the tube, the height of which 
is from six to eight inches. But as the pump is worked, the ^air 
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becomes more and more' rarefied, and the pressure is no longer 
sufficient to retain the column of mercury in the closedP limb. It 
accordingly sinks in this limb and rises in the other. The greater 
the rarefaction, the smaller the difference of the level in |he two limbs. 
They are, however, never exactly equal: that would correspond to 
a perfect vacuum. The mercur>" is usually at least Vth of an 
inch higher in the closed branch. This is expressed by^ring that 
a vacuum has been created within ^th of a^ inch. 



151. (Uses of the'air-pump. —A great many experiments with 
the air-pump have been already described. Such are the mercurial 
rain (fig. i), the fall of bodies in vacuo (fig. 45), the bladder (fig. 116), 
the bursting of a bladder (fig. 118), and the Magdeburg hemispheres 
(fig. 119). ^ 

Thtfounfain in vacuo {fig. 152) is an experiment maBe witM the 
air-pump, and shows well the elastic force of the air. I.^'is an 
elongated flask. A, with a stopcock at the base, provided with* a 
tube which projects in the interior and terminates in a fine nozzle. 
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Tlie flask is screwed to the plate of the air-pump, the air inside it 
pxhausteA the stopcock closed, and the apparatus placed in a 
vessel of %ater, R. When the stopcock is opened, the atmospheric 
pressure fo^es the water through the nozzle in a jet, as shown 
in the dravwng. 

By mMns of the air-pump it may be shown that air, by reason 
of the Q^gcn it contains, is necessary for the support of combus¬ 
tion ^(<a of life. For if we place a lighted taper under the receiver 
- ’and oegin to exhaust the air, the flame becomes weaker as rare¬ 
faction proceeds, and is finally extinguished. Similafly, an animal 
faints and dies if a vacuum is formed in a receiver under which it^ 
is placed. Fishes and reptiles support the loss of air for a still 
longer time than mammalia and birds. 

132. Application of the vacuum to the preservation of food.— 
An important application has been made of the vacuum in pre¬ 
serving food. The germs present everywhere in air, under the' 
influence of heat and moisture make animal and vegetable mattecs 
rapidly ferment and putrefy ; but if the air be properly removed 
from an enclosed vessel by exhausting, the contents may be kept 
fresh for many years. 

Appert was the first, in 1809, to devise a means of preserving 
food in a vacuum, which consists in placing the substances to be 
preserved in tin Vessels, which are closed hermetically, and then 
heated in boiling water for some time ; under the influence of heat 
the small quantity of oxygen left in the vessel is absorbed by the 
substance placed there, so that only nitrogen is present in the free 
state. Not only this, but the high temperature destroys the germs, 
which are the active agents in starting putrefaction. 

Appert’s method is now modified in the following manner. 
Instead of boiling the food while contained in the closed vessel, a 
small hole is left in the lid, through which escape th^ air and 
vapours produced during ebullition. When it is supposed that all 
the air has been expelled, a drop of melted lead js allovigd to fall 
on the small hole in the cover which completely closes Jit. This 
method is practised on a large scale in preserving food and 
vegetables. 

a * 53 - SprengeVs air-pump.—The air-pump described above does 
ni^cnable us to reduce the air pressure in the receiver much below 
the^th of an inch. A more perfect vacuum can be obtained by 
<nea^ of Sprengel’s mercury pump, one of the simplest forms of 
which is illustrated in fig. 153. The principle on which the pump 
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depends is that of qonvetting the space to be exhauste|,d into a 
Torricellian vacuum (133). A vertical glass tube -ccftillpderably . 
longer than a barometer tube, and about 1 mm. internal fliameter— 


is connected by india rubber tubing 
Mercuiy is allowed to fall in this 



Fig. * 33 * 

until the lower part of c ei forms •, 
about 30 inches high. Towards 


with a reservoir of mcrcui'y, 
tube at a rate regulated by a 
clamp at c ; the iWer end ot 
the tube c d fits inS^e flask 
K, which has a spourvit the 
side a little higher tlijwi tht 
lower end of c d ; the upper 
part has a branch at x\ to 
which a receiver, K, can bv, 
tightly fixed. When the 
clamp at c is opened, the 
first portions of mercury 
which run out close the tube 
and prevent air from enter¬ 
ing below. As the mercury 
is allowed to run down the 
exhaustion begins, and the 
whole length of the tube from 
r to d is filled with cylinders 
of air and mercury moving 
downwards. * Air and mer¬ 
cury escape through the 
spout of the flask B, which is 
above the basin H, Avhere 
the mercury is collecte^^It 
is poured back from tnjb to 
time into the funnel A|l|o be 
re-passed through thi: *tube 
until the exhaustion is com¬ 
plete. As this point is 
approached, the enclosed 
air between the mercury 
cylinders is seen to diminish, 
continuous column of merc^try 
this stage of the proces&fthe 


falling mercury produces a noise like that of a water-hq<j!imer ' 
when shaken ; the operation is completed when the columij^^ 


merpury encloses no air, and a drop of mercury falls on the top of 
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th€ column without enclosing the slightest air-bubble. The height 
of the coltmp then represents the height of the column of mercury 
in the barometer; in other words, it is a barometer whose 
TorricellianJvacuum is the receiver R. This apparatus has been 
used with /reat success in experiments in which a very high 
exhaustionfis required, as in the preparation of Geissler’s tubes 
and of incandescent electric lamps. It may advantageously be 
com^fed with an exhausting syringe, which first removes the 
•greater part of the rflr, the final exhaustion being completed as 
above. 

154. Condensing-pump.—The condensing-pump is an appa¬ 
ratus for compressing air or any other gas. The form usually*^ 
adopted is the following ; In a cylinder A, of small diameter 


(fig. 154), there is a solid piston 
the rod of which is worked bji 
the hand. The cylinder is pro¬ 
vided with a screw cock C, 
which fits into the receiver, K. 
Fig. 155 shows the arrangement 
of the valves, which are so con¬ 
structed that the lateral valve, (?, 
opens inwards and the lower 
valve, downwafds. 

When the*piston descends, 
the valve o closes, and the clastic 
force of the compressed air 
opens the valve j, which thus 
t^^ws the compressed air to 
into the receiver. When 
tm|piston ascends, s closes and 
0 Vpfens, and permits th’e en¬ 
trance of fresh air, which in turn 
becomes compressed by the de¬ 
scent of the piston ; and so on. 

This apparatus is chiefly 
used for charging liquids with 
ses. For this purpose the 
cock B is connected with a 



Fig. 154. 


rvoir of the gas, by means of the tube D. The pump exhausts 
^as, and forces it through the tube H into the vessel K, in 
the liqiud is contained. When the liquid is sUfficifntly 
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saturated, the tap Q is closed and the water can be drawn off by 
the stopcock E. Artificial aerated waters are niade%y means 
of analogous apparatus ; and one form of the cohc|eifting-pump 



is used for testing leakage and clearing r|way obstruc¬ 
tions in gas-pipes. ^ 

On a larger scale the same principle isjapplied in 
compressing air in sinking cylinders for th&puipose 
of building piers under water ; and it is also applied 
in the atmospheric railway-brakes. An important 
application of condensed and rarefied air is met with 
in ihe pneumaticpost^ which is used in large towns for 
transmitting written telegraph despatches from log'll 
stations to a central station, where they are sent out 
by electricity. A bundle of such messages is placed 



in a carrier, which is an ebonite cylinder about two 
inches in diameter, closed at one end and coated with 
flannel. This moves air-tight, but with very gentle 
friction, in a perfectly smooth metal tube which is laid 
underground and connects the stations. By means of 
suitable valves this tube can be placed in connection 
with large reservoirs of compressed or of rarefied air ; 
and thus the carrier, with its contents, can be driven 
from one station by compressed air while it is (Irawn 
towards the other by the diminished pressure in front. 
The difference of pressure on the two faces is about two- 
thirds of an atmosphere, and this is sufficient to give 
a velocity of thirty miles an hour. In Paris the 
exact time is transmitted from a central clock by 
compressed air to public and private time-pieces in 
different parts of the city, with a slight retardation 
due in '«ach case to the time required for transmis¬ 
sion. These time-pieces or pneumatic clocks are not 
ordinary clocks, but their special mechanism is worked 
by the compressed air. Another application of 
compressed air is to the cleaning of carpets. 

Torpedoes used in naval warfare are propelled by 


means of compressed air. The torpedo is a steel tube aba^ 
i6 feet lon|^ with tapering ends. The gun-cotton to be explodeJtiip 
contained in the front part or head of the torpedo, while comprised 
air pdpifies the after part, the engines worked by the compressed* 
air bfing placed in the centre. When the torpedo is fired from a 
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suitable tube and strikes the water, its engines^ begin to work, and it 
js propellld at a distance below the surface which can be regulated 
beforehaiiH,jlror a distance of half a mile at a high speed. 

The excjfvators used in tunnelling are worked by compressed 



Fig. 157. Fig. 158. 


155. Air-gun.—This is an interesting application of the cpn- 
densing-pump. At the end of the receiver is a valve which opens 
inwards and allows air to enter, but not to escape. To this 
reiver is screwed a barrel as represented in fig. 156, in 
whi^ a piston works. When the piston is at the bottom of the 
•barrel, air can escape through two side holes, a. When the piston 
is pushed down, air cannot escape from the reservoir ; the tjarrel 
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is filled with a fresli.supply, which is pressed into the receiver, and 
so forth. * 0^ 

Wlien the air in the receiver has been condensed, charging- 
barrel is unscrewed and a firing-barrel screwed on. 0|p touching a 
trigger (not represented in the figure) the valve is opened, a por¬ 
tion of air escapes, and projects the bullet; the valvi^ is closed 
again at once. Thus, when once the air-gun is charge^, several 
shots may be fired in succession, though they become gw^ually 
weaker. »' 

156. Hievo’s fountain .—Hierds fountain is an arrangement* by 
which a jet may be obtained which lasts for some time. It derives 
its name from its inventor, Hicro, who lived at Alexandria, 120 B.C 
and is an illustration of the elasticity of the air. It consists of a 
brass dish (fig. 157) and two glass globes. The dish communicates 
with the lower part of the globe by a long tube ; and another tube 
connects the two globes. A third tube passes through the dish to 
the lower part of the upper globe. This tube having been taken 
out, the upper globe is partially filled with water, the tube is then 
replaced, and water is poured into the dish. The water flows 
through the long tube into the lower globe and expels the air, 
which is forced into the upper globe ; the air thus compressed acts 
upon the water, and makes it jet out as represented in the figure. 
If it were not for the resistance of the atmosphere and friction, the 
liquid would rise to a height above the water in the dish equal to 
the difference of the level in the two globes. 

157. Intermittent fountain.—The intermittent fountain consists 
of a stoppered glass globe, a (fig. 158), provided with two or three 
lateral tubes with fine nozzles. A gdass tube, open at both ends, 
reaches at one end to the upper part of the globe, a ; the other 
end is fitted in a support, £*, placed in the middle of the dish, w, 
which supports the wiiole apparatus. The support, is perforated 
with small holes, which allow air to pass into the tube just above a 
little aperture in the dish, m. 

The (.vater, with which the globe, «, is nearly two-thirds filled, 
runs out by the tubes, as shown in the figure ; the internal pressure 
being equal to the atmospheric pressure, together with the weight 
of the column of water, while the external pressure at that point is 
only that of the atmosphere. These conditions prevail so lo^ as 
the lower end of the glass tube is open—that is, so long as 2^ can' 
enter and keep the air in a at the same pressure as the external air^j 
but,the apparatus is arranged so that the orifice in the dish does not 
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allbw so>much water to flow out as is received from the upper tubes, 
jn consetyience of which the level gradually rises in the dish, and 
then closes Jhe lower end of the glass tube. As the external air 
cannot nowienter the globe a, the air becomes rarefied in propor¬ 
tion as the^ow continues, until its pressure, together with that due 
to the column of water from the level, to one of the nozzles, is 
equal to this external pressure ; the flow then stops. But as 
water continues to flow out of the dish at w, the tube opens 
«gain, air enters, andlhe flow recommences ; and so on as long as 
thSre is water in the globe a. • 

158. Syphon inkstand.--This vessel prevents ink from too rapid, 
evaporation, and is an interesting illustration of the pressure of the 
atmosphere, and of the elasticity of air. It consists of a glass 
vessel of the shape of a truncated pyramid (fig. 159), closed every¬ 
where except at the bottom, *wherc 
there is a tubulure, which is always 
open. The inkstand is partially full 
of ink, while there is air at the top. 

The level of the ink inside being 
higher than in the tubulure, the pres¬ 
sure of the air inside is a little less 
than that of the atmosphere on the 
ink in the tubftlure. As the ink 
there is used,* its level sinks and is 
finrilly lower than the point o. At this 
moment a bubble of air passes into 
the interior, and, the pressure being 
thereby increased, the level of the ink 
descends in the inside and rises in the tubulure. This goes on 
until the internal level is at the point o. More ink must then be 
added, which is effected by pouring it into the tubulure, care being • 
taken to incline the inkstand in the opposite direefion. The 
fountains in birdcages are on a similar principle. t 
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159. Suction-pumps.—Pumps are machines for raising liquids. 
^Their invention, which is of gi-eat antiquity, is attributed to Ctesibius, 
^celebrated mechanician, who flourished at Alexandria 130 b.c. 
Tlrey are met with in many modifications, but may all be referred 
• to three types— the suction or lifting fump^ the fordng-puptp—and 
the suction andforcing pump. 
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The suction or lifting‘pump, represented in fig. i6o, consists of 
a cast-iron cylinder called the barrel^ at the bottom (»f ^hich is h 
pipe of a smaller diameter, which dips in the well, ^t^he top of 
this pipe is a clack-valve, which is represented in |he drawing 

as being yosed. 


It 

moves easil^ up and 
down, and it establishes 
a communication be- 
tween the cylinder antT” 
the body of the pump 
when it is open, and 
breaks it when close d 
The piston in the barrel 
consists of a thick disc 
of metal or of leather, 
coated with tow or with 
leather. The piston is 
])erforated by a small 
hole, which is closed by 
a valve; the valve is like 
that in the barrel, and, 
like it, opens upwards. 
The piston is worked by 
means of a long lever, 
which is the handle. 

The manner in which 
the water is raised will 
be understood from an 
inspection of figs. i6i, 
162, and 163, which re¬ 
present the piston and 
the valves in three dif¬ 
ferent positions. When 
the pump has not been 
worked, the barrel and 
the pipe are full of air 
under the ordinary atnm- 



Fig. 160. 


spheric pressure, which counterbalances the external atmospheric 
pressure, on the well. Hence it follows that the level o^*'the 
water inside and outside is the same. When the piston rises,* 
since, the valve c is pressed down by its own weight, and by that 
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of the atmosphere, the air is rarefied below it; but, from its elastic 
force, thfll air which fills the pipe, B, soon opens the valve a, and 
passes iiftofthe barrel. The air in the pipe, B, losing then in 
elastic force what it gains in volume (144), its pressure is no 
longer equjil to the external pressure on the water in the well. 
Hence water rises in the pipe, as represented in the diagram. 
If now the piston sinks, the valve a closes ; and as the air thus 
enclosed in the barrel becomes more and more compressed, a 
•moment arrives when*its elastic force exceeds the pressure of the 



atmosphere ; the valve c is then raised, and air escapes into the 
top of the barrel, and thence into the atmosphere. Wi^i a second 
ascending stroke of the piston, the same phenomena are repro¬ 
duced—that is, the valve c falls and the valve a opens ; the water, 
being thus raised in the pipe, ultimately passes beyond the valve 
\(fig. i6i) and completely fills the barrel. From this time, when 
^^e,piston re-descends, and the valve a closes, the pressure exerted 
• on the water raises the valve f, and the w'ater passes above the 
piston (fig. 162). When once this effect is produced, the valve c 
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closes when the piston ascends, and the water which has passed 
above the piston, being raised with it, ultimately ficHWsp.out by a 
spout in the side of the barrel. | « 

Since it is the atmospheric pressure which raises the water in 
the pipe, the height of the valve «, above the level in!t,the vessel, 
cannot exceed a certain limit. A column of water, 34 feet in 
height, balances, as we have seen, the pressure of the atmosphere 
(133). Hence if the pipe had a greater length than this, when once 
water had reached this height, the column* of water in the pipe^ 
would balance the pressure of the atmosphere on the water of the 
well, and it could not be raised any higher. This, therefore, would 
be the extreme theoretical limit which the pipe could have; but 
in practice the height of the tube B does not exceed 20 to 26 feet: 
for, although the atmospheric pressure can support a higher column, 
the vacuum produced in the barre’ is never perfect, owing to the 



fact that the piston does not fit exactly on the bottom of the barrel. 
But when the water has passed the piston, it is the lifting force of 
the latter which raises it, and the heigjjt to which it can be brought 
depends on the force which works the piston. 
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16 a Fttfce-pump.—In this form of pipnp, water is not raised 
by the pii||s^re of the atmosphere, but by the pressure of the 
piston on thepater during its descent. For this purpose the piston 
. is solid—that is, has no valve—and there is no lifting pipe, the barrel 
itself being immersed in the liquid to be raised (figs. 164 and 165). 
There are two valves in the barrel: one, a, in the bottom, opens 
upwards ; the other, c, is placed in the orifice of a long tube in the 
side of the pump and opens away from the barrel. 

. - When the piston ri^s (fig. 164), the air below it is rarefied, and 
atmospheric pressure closes the valve c\ while the water in which 
the pump is immersed, being forced by its own pressure and 
that of the atmosphere, raises the valve <7, and passes into the 
barrel, which it fills completely. The motion of the valve is just 
reversed when the piston descends (fig. 165). By its own weight 
and by the pressure upon it, th^ valve a closes, while the valve c 
opens and gives exit to the water in the barrel, which then rises 
• to a height depending on the pressure exerted by the piston. If 
this amounts to a pressure of one atmosphere, water rises 34 feet in 
the pipe H (133); if it is two atmospheres, water rises to 68 feet; 
and so on—that is, always to a height of 34 feet for a pressure 
of one atmosphere. The height, therefore, to which water can 
be raised in these pumps is not limited as it is in the suction- 
pump. • 

It will be seen, from what has been said, that water only rises in 
the pipe, H, when the piston descends ; there is, therefore, an inter¬ 
mittent flow at the end of the pipe. A more regular flow is ob¬ 
tained by arranging two pumps, both forcing water into the same 
pipe, and in such a manner that when one piston rises the other 
sinks. It is by means of such an arrangement of two pumps 
that oil is raised to the wicks in CarcePs lamp. At the base of 
these lamps, and immersed in the oil itself, are two small pumps 
worked by a clockwork motion, which is wound up likqia clock. 
Such a system is also applied in fire-engines. f 

161. Fire-engine.—In 2^ fire-engine water has to be forced to 
a great height in a continuous stream. Fig. 166 represent^a section 
of such a pump. Two rods which work the pistons m and n in 
two brass barrels are fixed by means of joints to the handle P’Q. 
T^o pumps are placed in a trough, M N, of the same metal, called 
the tank, which is fed with water when the pump is at work. 
Between these two is an air-chamber, R, with a lateral aperture, 
*Z, to which can be attached' a long, flexible leather tube. This 
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tube is provided at the. end with a long, conical copper' thbe, 
which has an aperture only about three-fifths of an inch in diahieter. ^ 
” The use of the air-chamber is as follows althoughgthe pistons 
work alternately, there would necessarily be some intermittence in , 
the jet when they are at the top or at the bottom of their course. 
But the water, instead of being forced by the pumps directly into 



Fig. 166. 


the rising pipe, first passes into the reservoir as shown in fig. 166. 
Owing to the resistance in the tube and on the jet, it flows out of 
the reservoir more slowlji^than it enters. Its level rises in the 
reservoiit and, as the air is thereby reduced in volume, its pressure 
increaseil; so that the compressed air, reacting on the wat^r when 
the pistoj^s stop, forces out the water and thus keeps up the con¬ 
tinuity of the jet. A good fire-engii^e worked by eight men will 
raise water to a height of roo feet. 

\f 162. The syphon.—The syphon is a bent tube open at both 
"ends and with legs generallyof unequal length (fig. 167). It is u^d 
for transferring a liquid from one vessel to another without dis- 
turbi% anjf s^iment that may be present. It is worked in tbq, 
following manner. Suppose the liquid to be water, and the syphon 
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to 5 e-filled with water and its ends closed.. The shorter leg is 
then dipp^ jp the liquid as represented in fig. 167 ; or, the shorter 



Fig. 167. 


leg having been pipped in the liquid, the air is exhausted by 
applying the mquth at b. The air in the tube is thus rarefied, and 
the liquid in d rises and fills the tube in consequence of the 



Fig. 169. 


p^ressure of the air. It will then run out through the syphon as 
long as the level of the liquid is above the end of the longer leg. 
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A syphon of thp form represented in fig. 168 is used where the 
presence of the liquid, such as sulphuric acid, for inpt^ce, in the, 
ntouth would be objectionable. A tube, a, is attached t6 the longer 
,branch, and it is filled by closing the end of the longer limb, and. 
sucking at the end of a. 

To explain this flow of water from the syphon, let us suppose 
it filled and the short leg immersed in the liquid (fig. 167). 
Consider the water in the horizontal part of the syphon at thc"^ 
top. The pressure to which it is subjected is atmospheric pressure, - 
less that due to the column of water c that is, H ~ /^, where H = 
height of the' water barometer, viz. 34 feet, and the height 'c ^4 
also in feet. This pressure, if it acted alone, would drive the 
water in the direction c a. But \{ a b = h\ this same water is 
acted on by a pressure, H — in the opposite direction. Thus, 
water will flow from c towards %z, only if H - ^ is greater than 
H ~ h\ that is, if h* is greater than h : that is, b must be below 
■ the level of the water in the vessel. 

T\ 163 . Intermittent 8piinfi[[S. Tanta lus* c^.—In nature, springs 
are met with which stop s^ntaneousTy^ to flow again after* 

a longer or shorter interval. This phenomenon depends on the 
action of the syphon, and is readily understood by reference to 
fig. 169, which represents a subterranean reservoir fed by water 
from a series of fissures in the earth ; the channel by which the 

water flows out is on the*left of the figure, 
and on coming to the surface the water 
forms a spring. In the figure the reservoir 
is represented as just being filled, and 
when the water rises to the height of the* * 
bend the syphon begins to act. If the 
fissures by which water is supplied 
jfil^ish a smaller quantity than is carried 
away by the syphon-channel, the reservoir, 
together with the channel, is gradually 
^ Fig. 170. emptied, and the flow then ceases. The 

reservoir gradually fills again, but the water cannot flow out until 
it has risen to the height represented by the dotted line, and the 
syphon has begun to work again. There is an excellent exaqiple 
of an intermittent spring at Giggleswick in Yorkshire. f' 

The action of the toy known as Tantalum cup^ which is repre¬ 
sented in fig.'170, illustrates that of intermittent springs; a curved 
syphon is arranged in a vessel, so that the shorter leg is near thef 
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bottom of the vessel, while the longer leg* passes through it. Being ^ 
' fed by a ^onstant supply of water, the level gradually rises both in 
the vessel and in the tube to the top of the syphon, which it fills, 
and water begins to flow out. I'he apparatus is arranged so that - 
the flow of the syphon is more rapid than that of the tube which 
supplies the vessel, and consequently the level sinks in the vessel 
until the shorter branch no loni»er dips in the liquid; the syphon 
is then empty, and Ijie flow ceases. But as the vessel is con- 
tippally fed from the same source the level again rises, and the 
s^me series of phenomena is reproduced. The sam& principle is 
applied in automatic flushing tanks for sanitary purposes, and in^' 
an arrangement used by photographers for washing prints. 

0 164. Diving-bell.—If the open end of a glass tumbler is placed 
on water so as to enclose the ain and if it is depressed, water enters 
until the pressure of the air inside is equal to the external pressure 
plus the pressure of the column of water from the level inside the 
tumbler to the level of the water outside. 

The diving-bell is an application of this principle. The ordinary 
form is an elongated square iron box, open at the bottom, with 
seats along the ‘sides for the workmen and their tools. In the top 
is a flexible pipe, through which fresh air is supplied by a com¬ 
pression pump, wj;iile that which is partially vitiated escapes in 
bubbles round the lower edges. Workmen can be lowered to con¬ 
siderable depths and remain there for some time. 
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Q CHAPTER IV 

PRESSURE ON BODIES IN AIR. « BALLOONS 

I 

165. Ardiiinedes’ principle applied to g-ases.—The pressure of a 
gas is exerted equally in all directions, as has been shown by the . 
experiment with the Magdeburg hemispheres (125). It therefore 
follows that all'which has been said about the equilibrium of bodies 

in liquids applies to bodies in air ; they 
lose a*part of their weight equal to that 
of the air which they displace. 

This loss of weight in air is de¬ 
monstrated by means of the baroscope^ 
which consists of a scale-beam, at one 
of whose ends a small leaden weight 
is supported, and at the other a 
hollow copper sphere (fig. 171). These 
are so constructed tljat iti air they 
exactly balance one another, but when 
they are placed under the receiver of 
the air-pump, and a vacuum is pro¬ 
duced, the sphere sinks, thereby show¬ 
ing that in reality it is heavier than* 
the small leaden weight. Before the 
air is exhausted each body is buoyed 
j Fig. 171. ’sup by the weight of the air which it 

displace!. But as the sphere is much the larger of the two, its 
weight undergoes most appaient diminution ; and thus, though in 
reality tRe heavier body, it is balanced by the small leaden weight. 
It may be proved, by means of the same Apparatus, that this loss is 
equal to the weight of the displaced air, and we may thus generalise 
Archimedes* principle, and say that any body plunged in any flj?id, 
whether it be a liquid or a gas, loses part of its weight equal to the 
weight of the displaced fluid. Hence bedies weighed in air usually 
indicate too small a weight. To have an exact weight the volume 
of the weights and of the displaced fluid should be exactly the 





Balloons 



iSi 


sarfte, 'which is seldom the case. The.true weight of bodies is 
obtained jjjy,weighing them in a vacuum, ot by making proper 
allowance/or the air displaced. 

The principle of Archimedes being thus true for bodies in air, all 
that has been said about bodies immersed in liquids applies to 
them—that is, that when a body is heavier than air it will sink, 
owing to the excess of its weight over the buoyancy of the air. If 
it is as heavy as air, its weight will exactly counterbalance the 
buoyancy, and the bo(fy will float in the atmosphere. If the body 
is iigliter than air, the upward force due to the buoyancy of the air 
will prevail, and the body will rise in the atmospnere until it 
reaches a layer of the same density as its own. The force causing 
the ascent is equal to the excess of the buoyancy over the weight 
of the body. This is the reason why smoke, vapours, and air- 
balloons rise in the air. • 

166. ^^i ft^-p^loons.— Air~balloons are hollow spheres made of 
some light, impermeable material, which, when filled with heated 
air, with hydrogen gas, or with coal gas, rise in the air in virtue of 
their relative lightness. 

They were invented liy the brothers Montgolfier, of Annonay, 
and the first experiment y.’as made at that place in June 1783* 
Their balloon was a sphere of 40 yards in circumference, and 
weighed 500 pounds. At the lower part there was an aperture, and 
a sort of boat was suspended, in which was burnt paper and straw. 
The heated air thus produced gradually inflated the balloon, and 
when it was full of expanded air, which was thus lighter than the 
external air, the weight of the balloon and its hot air being less than 
I that of the air which it displaced, it soon rose to a height of more 
than 2,000 yards, to the great astonishment of the assembled 
spectators. It rapidly descended, however, for the hot air it con¬ 
tained soon became cooled in the higher regions of the atmosphere. 

The experiment at Annonay excited great interesi all over 
France, and, pending the repetition on a larger scale at tire expense 
of the Government, Charles, a professor of physics, constructed a 
smaller balloon, about 13 feet in diameter, filled with nydrogen 
instead of heated air. The use of hydrogen is very advantageous,, 
for, as it is 14 times as light as air, its ascensional force is far 
greater than that of hot air. Charles made an ascent in 1783 ® 

balloon inflated by hydrogen. 

Since then, the art of ballooning has been greatly extended, and 
many ascents have been made. That which Gay-Lussac made in 
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1804 was the most icmarlrable for the facts with which it has En¬ 
riched science, and for the height which he attainedT-y,ooo feet 
above the sea-levei. At this height the barometer sto#d at 12*6 
inches, and the thermometer, which was 31° C. on the ground, was 
9 degrees below zeio. 

In these high regions, the dryness was such, on the day of Gay- 
Lussac’s ascent, that hygrometric substances, such as paper, parch¬ 
ment, etc., became dried and crumpled as if they had been placed 
near the fire. The respiration and circulatJbn of the blood were 
accelerated [n consequence of the great rarefaction of the air. 
Gay-Lussac’s pulse made 120 pulsations in a minute, instead of 66, 
the normal number. At this great height the sky had a very dark 
blue tint, and an absolute silence prevailed. 

One of the most remarkable ascents was made by Mr. Glaisher 
and Mr. Coxwell in a large ballooi? belonging to the latter. This 
was filled with 9o,(X)o cubic feet of coal gas (sp. gi. 0-37 to 0*33, 
referred to air); the weight of the load was 600 pounds. The 
ascent took place at i p.m. on September 5, 1861 ; at twenty-eight 
minutes past i they had reached a height of 15,750 feet, and in 
eleven minutes afterwards a height of 2i,cxx) feet, the temperature 
being - 10-4° ; at ten minutes to 2 they were at 26,200 feet, with 
the thermometer at - 15-2°. At eight minutes to 2 the height 
attained was 29,000 feet, and the temperature -•i9‘o°C. At this 
height the rarefaction of the air was so great and the cold so 
intense that Mr. (Glaisher fainted, and could no longer observe. 
According to an approximate estimate, the lowest barometric 
height they attained was 7 inches, which would correspond to a 
height of 36 ,cxx> to 37,000 feet. 

167. Construction and management of balloons.—A balloon 
(fig. 172) is made of long bands of silk sewn together and covered 
with india rubber varnish, which renders it air-tight. At the top 
there is afcafety-valve closed by a spring, which the aSronaut can 
open at pleasure by means of a cord. A light wicker-work boat is 
suspended by means of cords to a network which entirely covers 
the balloon. 

' > A balloon of the ordinary dimensions, which can carry three 
jjpersons, is about 16 yards high, 12 yards in diameter, and its 
volume when it is quite full is about 680 cubic yards. The ballo4\i 
itself weighs 200 pounds ; the accessories, such as rope and boat, 
190 pounds. 

The balloon is filled either with hydrogen or with coal gas. ‘ 
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Although the latter is heavier than the former, it is generally pre- 
, ferrcd, beqjnise it is cheaper and more easily obtained. It is passed 
into the bfilloon from the gas-reservoir by means of a flexible 
• pipe. It is important not to fill the balloon quite full, for the atmo¬ 


spheric pressure diminishes as 
it rises, and the gas inside, ex¬ 
panding in consequence of its 
elastic force, would tend to burst 
it. It is sufficient for tfie ascent 
if tlie weight of the displaced air 
ex'ceeds that of the balloon by 
8 or TO pounds. The buoyancy 
due to this excess of weight is 
constant so long as the balloon 
is not quite distended by the ex- • 
pansion of the air in the interior. 

’ If the atmospheric pressure, for 
example, has diminished to one- 
half, ihe gas in the balloon, 
according to Hoyle’s law, has 
doubled its volume. The volume 
of the air displaced is therefore 
twice as great ; but since its 
density has beborae only one- 
half, the weight, and conse¬ 
quently the upward buoyancy, 
is the same. When once the 
*balloon is completely dilated, if 
it continue to rise, the force of 
the ascent decreases, for the 
volume of the displaced air re¬ 
mains the same, but its density 
diminishes, and a time arrives 
at which the buoyancy is only 
equal to the weight of the bal¬ 
loon. The balloon can now only 
take a horizontal direction, car- 
rii^ by the currents of air 



Fig. T72. 


which prevail in the atmosphere. The aeronaut knows by the 
barometer whether he is ascending or descending; and by the 


same means he determines the height which he has reached. A 
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flag fixed to the boat would indicate by the position it takes, ei^er 
above or below, whether the balloon is descending or*a|pending. 

„ When the aeronaut wishes to descend, he opens the falve at the 
top of the balloon by means of the cord, which allows gas to escape, 
and the balloon sinks. If he wants to descend more slowly, or to 
rise again, he empties out bags of sand, of which there is an ample 
supply in the car. The descent is facilitated by means of a grap¬ 
pling-iron fixed to the 
boat. When once this is 
fixed to any obstacle the 
balloon is lowered by 
pulling the cord. 

The only practical 
applications which air- 
balloons have hitherto 
had have been in mili¬ 
tary reconnoitring. At 
the battle of Fleurus, in 
1794, a captive balloon — 
that is, one fastened to 
the ground by a rope- - 
was first used, in which 
there Avas an observer, 
who reported the move¬ 
ments of the enemy by 
means of signals. At the 
battle of Solferino, the 
movements and dispo-* 
sitions of the Austrian 
troops were watched 
from a captive balloon ; 
and in the war in 
America balloons were frequently used ; while the part which they 
played in^^the siege of Paris and in the war in South Africa is still 
fresh in all memories. Many ascents were made by Mr. Glaisher 
for the purpose of making meteorological observations in the higher 
- regions pf the atmosphere (166). Air-balloons can only be truly 
, useful when they can be guided, and as yet all attempts made wtth 
this view have completely failed. There is no other course at 
present than to rise in the air until there is a current which has, 
more or less the desired direction. * 
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*68 Parachute -The object of the panchute is to allow an 
leave the balloon, by giving him the means of lessening 
the lapidity of his descent It consists of a large, circular piece of 
cloth (fig 173) about 16 feet in diameter, which by the resistance 



of the 111 spicids out like a gigantic iimbiella In the centre 
thcie IS in ipeituie, thioiigh which the an, compressed by the 
1 ipidity of the descent, m ikes its esc ipc foi otheiwisc oscillations 
might be piodiu i d, whii h, 
when communu U( d to 
the boat, would be din 

stioiis 

In fig 172 the It IS i 
P'11 itliuti ittuhcd to th( 
netwoik of the b illoon by 
means of a lotd, which 
])asscs louiid a •piillej, 
md IS fi\etl it* the othei 
end to the bo it When 
the cord IS rut, the para 
chute sinks, it first \er> 

1 ipully, but more slowly 
as it becomes distended, 
is rejnesented in fig 173 

169 Bellows. -I'lg 
174 repiesents a simple 
foim of bellows, the u tion 
of which depends on the 
compression of an lie 
tween two lound w ooden bo irds provided with handles, one of whit h 
has a valve, while the other works on a hinge, i folded leathei bag 
is^astened Ihe innei space terminates in front m a short iron 
or brass pipe, t/, which is called the nozsh If the upper lid is 
.raised, the valve is opened, and iirenteis until the space is quite 
filled When the handle is depressed the valve closes, the air is 
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compressed, and forced out through the nozzle. Thus this arrange¬ 
ment, like that of the force-pump, produces an intermitten^owof air. 

In the act of breathing the ribs are sunk, and the diaphragm is 
thereby raised ; by this means the chest is contracted, and the air 
in the lungs condensed, so that it is driven into the outer air. In 
drawing in air the diaphragm is depressed, and thereby the chest 
expanded; the air in the lungs is rarefied, and outer air enters to 
equalise the pressure. 

When a' current of air is forcibly drawn tfirough a tube it exerts ' 
an aspirating*action on the air in its immediate neighbourhood, as is 
well illustrated by the spray-prodttcer (fig. 175). If we blow strongly 
through the tube B, across the drawn-out top, /«, of the tube A, the 
liquid in A not only rises to the top, but is resolved into an infini¬ 
tude of minute drops which are carried away with the current of air. 
This principle is applied on a large scale, using a current of steam 



instead of air, in GiffartPs injector for supplying water to locomo¬ 
tives even while the train is running. Fig. 176 represents an 
apparatus easily constructed from glass tubes which illustrates its 
action, it being observed that the tubes dfa and h k are much longer « 
horizontally and vertically than is here shown. 

If the vertical tube/ff is fitted into a vessel of boiling water as soon 
as steam issues through it not only raises water from a reservoir 
in which ^he bottom of the tiSfbe gk dips, but drives it through the 
aperture 0. And if a bent tube, with a narrow opening like £>, be 
j fitted at and directed upwards, a continuous jet of water is pro- 
|4uced, often reaching to the ceiling. 

This apparatus serves well to illustrate the principle of Giffardts 
pijector^ an extremely ingenious and important apparatus by which 
eteam boilers are kept supplied with water. * 

The principle is also applied in a series of machines for moving 
lifting liquids, and even solids such as com; in pumping, in, 
blowers,^exhaust-pomps, etc. * 
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. BOOK IV 

ON SOUND 


CHAPTER 1 

PRODUCTION, PROPAGATION,*AND REFI-EC'I ION OF SOUND 

170. Acoustics.—'Phis term is given to the scientific study ol 
, sounds, and of the vibrations of clastic bodies. 

Music considers sounds with reference to the pleasurable feelidgs 
which they are calculated to excite in us. Acoustics^ or the scientific 
study of sound, is concerned with the questibns of the production, 
transmission, and comparison of sounds ; to which may be added 
the physiologic^^ question of the perception of sounds. 

* Sound is a peculiar sensation excited in the organ of hearing by 
■j the vibratory motion of bodies, when this motion is transmitted to 
I the car through an elastic medium. 

Take, for instance, the string of a musical instrument, when it is 
pulled or sounded by a bow (fig. 177). When it is pulled aside 


d 



Fig. 177. 


from the position a c by isfjiere it is at rest, to the position ad by all the 
points being ntore or less out of their position of equilibrium, and 
theti left to itself the string tends to revert to its original position, 
'ac by owing to its elasticity. From its acquired velocity, however, 
if passes beyond it as far a e by all the points being then virtually 
as for out of their position of rest as tjiey were.at a *d b. But as 
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the elasticity still continues to act, not merely does the string 
^revert to its original position, but it again passes beyond^it; and so 
on, the amplitude of its oscillation becoming smaller and^smaller, as 
represented by the dotted lines in the figure, until it ultimately comes 
back to its original state of equilibrium. Hence each point of the 
string makes a backward and forward, or vibratory motion, like 
that of the pendulum. The passage from the position a d bio a 
and back to a d b^ is called T^complete^ inbration or oscillatio n ; the 
passage from adbXoa e b, or from a e b io S d b^issi semi-vibration 
or senu-osciUation. 

Any body which vibrates in such a manner as to yield a soirnd 
is called z. sonorous or sounding body. The vibrations of sounding 

bodies are generally too rapid to be 
directly counted, or even distinctly seen ; 
yet thejtmay be rendered evident in a 
variety of ways. Thus, if a tolerably 
large bell jar a (fig. 178) be made to 
sound by striking it with the finger, and 
• a small ivory ball, suspended by a thread, 

\ be approached to it, the ball will be ob- 
\ served to receive a series of rapid shocks 
from the sides of the bell, showing that it 
is in a state of vibration. Or let a plate 
of metal be clamped hof-izontally (20D) 
and sand be strewn over it ; when the 
plate is made to vibrate by briskly moving 
a violin-bow against the edge, the sand 
becomes violently agitated, which is ob¬ 
viously due to the vibrations of the plate. 
A sound of very short duration is called 
Fig. 178. ^report. 

ropagation of sound in the air. Sound-waves.—After 
:ertained that when a body emits a sound,'its molecules 
are in a state of vibration, it remains to explain how these vibra¬ 
tions are transmitted to the ear to produce the sensation of sound. 
Soun d always requires for its transmission an elastic medium which 
at one end is in contact with the sounding' bod^ and at tfi^other 
trith the organ of hearing. Air is the ordinary medium throt^gh 
which sound is transmitted. As air is very mobile, compressible, 
and elastic, its molecules, being in contact with different parts of 
the sounding body, acquire movements which are similar to those 
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of these parts ; they go and come with these parts, so that each 
. molecule kir in contact with the body is pushed forward by it, 
and returnf, having communicated its motion to the next molecule ; 
• this the;i acts in the same manner on the next molecule, and so on 
to the molecules in contact with the tympanum or drum of the ear 
(210). 

At each impulse imparted by a sounding body to the molecules 
of air in contact with it, these molecules pressing in turn upon the 
succeeding ones, a con 3 ensed part is produced in the air to a certain 
distance which is called the condensed w^eve ; then, whgn the vibra- 
, ting body reverts to its original position, the molecules nearest to 
it follow in its motion, so that there is formed in the air a rarefied 
part, which follows the condensed wave, and which is called the 
'rarejkd wave. A condensed and a rarefied wave together form a 
sound-wave. A sounding body is a centre from which these waves 
are emitted all round it in the form of continually increasing 
spheres. ^ 

We may form some idea of the way in which sound is pro^ 
pagated in air, by considering the analogous case of wave 
motion when a stone, for example, is thrown on a sheet of still 
water ; it makes a depression in the water in the place where it 
falls, but immediately the water rises round the place in question, 
forming a raised 6rcular ring which widens out gradually, losing 
in height as if gains in extent. This represents what we have 
spoken of above as a condensed wave. While this wave travels 
thus on the surface of the still water, the liquid rises at the centre 
of disturbance and forms, instead of the original depression, an 
elevation of the same volume ; this can only be done by producing 
around it a trough or valley, forming another ring, which is the 
counterpart of the raised one, being hollow instead of in relief. It 
closely follows the raised one in ever-widening circles, and the 
system, consisting of elevation and depression, fonns|a single 
complete wave. The wave-length is the distance from the top 
or crest of one wave to the crest of the next, or, what is the 
same thing, the distance between the lowest points of two succes¬ 
sive hollows. 

This description applies to the case of a single disturbance at 
thi centre : a single condensed wave being formed followed by a 
single expanded one, the centre will have become again level, 
•while the motion will continue at the circumference, progressing 
continually outwards, but becoming weaker and weaker. But if 
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the original disturbance has been sufficiently strong, which is 
oidinarily the case, the water at the centre will not ctoiye to rest at 
once, but will make a senes of isochronous oscillatiort‘ Each of 
these oscillations pioduces a series of condensed .ind cjvpandcd 
waves chasing each other on the surface of the water 

Fig 179 IS an attempt to represent, by shading altei natcly d iik 
and light, the succession of condensed and expanded waves, and 
their diminished amplitude as they get fuithcr and further away 
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In fig 180 tlie elliptical dotted lines abed represent in perspec 
tive, the series of waves, and the sinuous line M N represents a 
section ot the waves by a vertical plane passing through the centre 
of disturbance , the highest pait of the wave above the horizontal 
line IS the c-m/, and the lowest below, the hollow 

In the experiment described above, in which waves travelf'on 
the surface of water from a point of disturbance, it is impoitant to 
notfOe that that which travels is the wave-foim, and not the water 
^aves are composed The water pirticles have 
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an *up-arid-down motion, while the form of the wave travels 
horizontaljiy.: 

This i^roved by the fact that floating particles such as bits of 
wood or cork bob up and down as the waves pass, being now on 
the crest, now in the hollow of a wave, but not travelling onwards 
with it. The vibration in this case are said to be 

In a wave of sound in air the air particles iu:e,'flNIWllftrbf it, 
closer together, and in the other half less close together, than in 
still air through whichPno sound-wave is passing. These two parts 
tcfgether constitute the sound-wave. Each air partifle moves to 
and fro like a little pendulum, along the line in which the sound is 
travelling, and such oscillations are said to be lonoi^dm^ Thus, 
although disturbances are transmitted both onmesunac^f water 
'and through air by wave motion, there is a fundamental difference 
between the two cases. In the/ormer the water particles, by their 
transverse vibrations, give rise to a wave consisting of crest and 
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hollow; while in the latter the air particles, by their longitudina l 
vibrations, set up waves, each of which is composed of a condemsu- 
tion and a rarefaction. 

The report of a cannon travels through many miles, while the 
smoke which accompanies the sound is not driven far from the 
mouth of the piece. This is evidence that the transmission of 
sound is not due to the particles of air being themselves trans¬ 
ported with the sound ; again we shall see that sound is transmitted 
by solids, where there could be no possibility of any translatory 
motion of the particles. 

This mode of transmission may^be illustrated by suspending a 
number of glass balls, or, still better, billiard balls, by threads so 
tWa t they are in close contact with each other (fig. 181). When 
the end one is raised, and allowed to strike against the next, the 
one at the other end flies off. Here the first ball imparts its velo- 
* city to the second, then to the third, and so forth, the effect being 
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that, though apparently,at rest, the motion is transmitted by the 
balls being alterintely (onlrat ted and expanded. » 

In the (fcse of very 
loud sounds, the disturb- 
ance communKated to 
the air in the foi-m of 
sound-waves • ^inay be 
very considei able. Thus 
the waves produced by 
thundei,by the repoit of 
cannon, and by the ex¬ 
plosion of masses of gunpowder, are frequently powerful enough 
to break panes of glass and wmdow-frames, and even to blow 
down buildings. 

172. Coexistence of sound-waves.—It is to be observed that 
several sounds may be propagated in air without destroying each 
other. Thus in the most complicated orchestral music, a person 
with a practised ear can readily follow the sound of each instru¬ 
ment. Yet a loud sound interferes with a weak one ; thus the sound 
of a drum overpowers that of the human voice. Sounds also which 
are too weak to be distinctly heard, accumulate upon each other, and 
produce a confused sound, which becomes perceptible to the ear. 
Such is the cause of the murmuring of water, thft rustling of leaves 
in woods, and the dashing of waves against the seashore. 

173. Sound is not propagated in a vacuum. -The vibrations 
of elastic bodies can only produce the sensation of sound in us 
by the intervention of a medium interposed between the car andi 

the sounding body, and set in vibration by it. 
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1 his medium is usually the air, but all gasesj 
vapours, liquids, and solids also transmit sound/ 
The following experiment shows that the 
presence of a ponderable medium is necessary 
for the propagation of sound. A tolerably large* 
glass globe (fig, 182;, provided with a stopcockJ 
has a small bell suspended in the interior by a 
thread. A vacuum having been created in the 
globe by means of the air-pump, no sound is^ 
•emitted when the globe is shaken, though Ae' 
clapper may be seen to strike against the bell; but if air or any 
other gas or vapour be admitted, sound is distinctly heard each, 
l^fiime the globe is agitated. 


Fig. 182. 
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•rfie experiment may also be made by plaping either a small 
metallic bell, *which is continually struck by a small hammer by 
means of clockwork, or an ordinary musical-box, under the receiver 
of the air;pump. As long as the receiver is full of air at the ordinary 
pressure the sound is transmitted ; but, in proportion as the air is 
exhausted, the sound becomes feebler, and is imperceptible in a 
vacuum. To ensure the success of the experiment, the bell-work 
or musical-box must be placed on wadding or cotton wool; for 
otherwise the vibrations would be transmitted to the air tihrough 
thd^plate of the machine. • 

‘Hence the loudest sounds on the earth could not be heard 
beyond the limits of the atmosphere ; and, conversely, not the 
slightest sound could reach our earth from the celestial bodies ; 
the most violent explosions could take place on the moon with¬ 
out our hearing them. • 

174. Propagation of sound in liquids and solids.—Sound isi 
•also propagated in lifjuids. When two stones are struck against each/ 
other under water, the shock is distinctly heard on the bank ; andf 
a diver at the bottom of the water can hear the sound of voices oif 
the shore. Fish can be c'allcd to be fed by whistling. 

The conductivity of solids is such that the scratching of a pen, 
at the end of a long wooden rod may be heard at the other end. In 
like manner, if a petson whispers at the end of a long fir pole, he is 
heard by a peribn whose ear is applied against the other end, 

• while a person who is near hears nothing. The earth conducts 
sounds so well that when the ear is applied to the ground the 
sound of horses’ hoofs, the discharge of cannon, or other noise at 
great distances, can be perceived when they cannot be heard 
through the air. 

In the manufacture of telegraph-wires, miles of the wire are 
stretched on the ground; if one end is filed, the noise is distinctly 
heard at the other, especially when it is held in the ears ol mouth. 

In mines the sound of the workmen’s blows is heard at great 
distances. In some of those in Cornwall which are at aii^iMMElbe 
under the sea the beating of the waves and the rattling of stones 
are heard, being comuiunicatcd through the ground. Soldiers and 
hunters apply the ear to the ground to detect the distant steps of 
the^nemy, or of game. f 

An interesting example of the good conductivity of solids for 
Spund is afforded by the string telephone (fig. 183). A piece of wet 
bladder, D, is tightly tied over a sort of flat wooden box, B, in-the 
. o 
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bottom of which is §tted'a stout wooden tube, T, open at both ends, 
by which it can be fixed in a holder. A mouthpiecd, M, is firmly 

fitted over the mwnbrane, D; 
in the middle of this mem*, 
brane a thin piece of ebonite 
is fixed by sealing-wax, and 
to this a btting, S, with a 
hook^ is attached. Two such 
apparatus are connected by 
a tightly stretched string* at¬ 
tached to the hooks. If One 
of the mouthpieces be then 
spoken into, the membrane 
is set in vibration, and the vibrations are transmitted to the other 
membrane, which is also made t(f vibrate, so that a person holding 
his car to the latter distinctly hears what is spoken even at a 
.distance of some hundred yards. 

It is not necessary that sound should reach the oigan of lieaiing 
through the air ; it may be transmitted directly to the nerv es of the 
car by means of the solid parts of the body. If the eais are closed by 
the fingers,and if the above-mentioned rods held between the teeth, 
the scratching of the pen is heard distinctly. If, too, a metal poker 
is fiistcned to a string the ends of which ai e coiled found the foi efing ers, 
which are n-ade to close the ears, and if the pol?er is then stiuck 
by another body, the sound is heard with great strength in the ears. 

Wheatstone’s iomert^ was produced by means of four 
long rods of pine-wood passed from the cellar of a house thi ough 
the ceilings to an upper stoiy. These were sevei.illy (onncctcd 
at the bottom with a piano, violin, violoncello, and clarionet, which, 
being played, produced in the upper room the curious effect of an 
invisible concert. 

, That the report of ciniion has been heard at a distance of over 
loo miles, while the most violent thunderstorm is not heaid at more 
than twilve to fourteen miles, is, no doubt, due to the fact that the 
conductivity of the earth for sound is greater than that of air. 

175. Velocity of sound in air.—Numerous phenomena show 
that sound requires a certain time to pass from one place to another. 
Thus, ifjwe watch a woodman felling frees at a distance, vik see 
rtlbc axe fall, but only hear the sound a moment or two afterw-ards.' 
I^t looks, indeed, as if the sound were due to the tearing away pf 
^the axe from the tree. In like manner, wherj£a gun is fired, the 
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rep<^ is heard after the flash of light is seen.^The steam issuing 
^ from the whiAle of a locomotive is seen before the sound is heard; 
but the m 9 st striking example which is only 

. heard some time after the lightning'Ts*sS!!^S|'^!!h^^ in the cloud 
both thunder and lightning are prodtlftSji-jijftMJiiftheously. 

The velocity of sound was determined experimentally by the 
members of the Bureau of Longitude of Paris in June 1822, during 
the night. A cannon was placed on a hill at Montlh^ry, near Paris, 
and another on a plateau near Villejuif. The distance of the two 
places was carefully measured, and was found to be«6i,045 feet, 
and a gun was fired at each station twelve times at intervals of ten 
minutes. By means of accurate watches, observers placed near 
the guns noted the time which elapsed between the appearance 
6f the flash and the moment at which the sound was heard ; and 
the mean of the observations gave the number 54-6 seconds. This 
was the time which the sound required to travel from one station 
•to the other; for we shall afterwards see (316) that the velocity, 
of light is such that the time it requires to traverse the above 
distance is inappreciable. Hence by a simple calculation we find 
that.suund levels i.n8 feet, iiy a.. 5 ii.cond. 

The above observations were made when the air was at a 
temperature of T6°. At a lower temperature the velocity of sound 
is less. • 

From some %,ccurate experiments made near Utrecht by the 
. above method, the velocity of sound was determined to be 1,093 
feet per second in dry air at zero. Its velocity increases about 2 feet 
per second for every degree Centigrade. So that at 15° C., which is 
the ordinary temperature, the velocity of sound is about 1,120 feet 
per second. The exact relation^between the velocities of sound 
at 0° C. and at is = V'l +a/, where a is the coeflicient of 
expansion of air (245). 

A laboratory method of determining the velocity of soufcds con¬ 
sists in using a metronome (67) which is beating slowly, and is 
approached to a wall until a position is found at which th% echo 
one li^at coincides with the sound of another heard directly. The 
distance from the wall is then half the distance which sound 
traverses in the interval between two beats of the metronome. 

A. knowledge of the velocity of sound enables us in some cases 
*to measure distances. Thus, suppose we want to know the dis¬ 
tance at which a gun is fired, the report of which we only hear 
15 seconds after seeing the flash. As sound travels at 1,120 feet 
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in a second, it must traverse 16,800 feet in the time mentioned, and 
this would be the distance at which the gun was Ar^. In the 
same manner we may calculate the depth of a well from the 
number of seconds which elapse between the moment at,which a- 
stone is allowed to fall into it and that at which the sound is heard. 
The calculation is, however, more complicated, for the time which 
the body requires in falling has to be taken into account. 
^(•►Knowing also the time that elapses b^^tween the moment of 
^eing a flash of lightning and that of hearing the thunder, wc can 
determine the distance at which the electric discharge takes place. 

An instructive illustration of the time required for the transmis¬ 
sion of sound is afforded by observing a long column of soldiers 
beginning to march to the beat of drummers placed at the head. 
A nave-like motion, which begins with the drummers, is seen to 
pass along the whole line. Thife is owing to the fact that all the 
soldiers do not begin the new step at exactly the same instant ; 
•those that arc behind hear the beat of the drums later than those 
in front. 


Xhe velocity of sound is not the same in different gases ; it is 
jgreater in those Avhiph are less dense. The velocity varies 
inversely as the square root of the density. Dulong found the 
velocity at zero to be 846 feet per second in carbonic acid, 1,040 
feet in oxygen, 1,093 in air, r,io6 in carbonic o.xide, and 4,163 feet 
in hydrogen. 

The velocity of sound is independent of atmospheiic pressure, 
and is the same in air for all sounds, whether strong or weak, 
grave or acute. For this reason the tune played by a band is 
heard at a great distance without alteration, except in intensity, 
which could not be the case if some sounds travelled more rapidly 
than others. 

176. Velocity of ^und in liquids and in solids.—Wc have 
already’seen that liquids conduct sound; they even conduct it 
better than gases. The velocity of sound in water was investi¬ 
gated in» 1827 by Colladon and Sturm. They moored two boats, 11 
(fig. 184), at a distance of about eight and a half miles apart in the 
Lake of Geneva. The first supported a bell, C, immersed in water, 
and a bent lever a provided at one end with a hammer, v^hich 
struck the bell, and at the other with a lighted w'ick, Cy so arranged 
that it ignited some powder, w, the moment the hammer struck* 
bell. To the second boat was affixed an ear-trumpet, the bell, 
of which was in water, while the mouth, <7, could be applied to 
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the ear of the observer, so that he could measqre the time between 
. tjhe moment ^hen the flash of light was seen and the arrival of 
sound by me water. By this method the velocity was found to be 
• 4,708 fe^t in a second at the temperature 8®, or four times as great 
as in air. This number agrees very well with that deduced from 
theoretical considerations, which is 4,726 feet per second. 

That sound travels more rapidly in solids than in air is easily 
shown. If a person Isolds his car against one end of a tolerably 
long iron bar, while another person gives a hard blow at the other 
end, two distinct sounds are heard ; the first transmitted by the 
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metal, and the other transmitted by the air. Biot made an experi¬ 
ment of this kind, with an empty iron water-pipe over a thousand 
yards in length, and found that the time which sound required to 
travel in the iron was one-ninth of that required to travel through 
the air of the pipe ; in other words, that the velocity ii^ iron was 
nine times as great as in air. 

Indirect methods only can be used for determining the exact 
velocity of sound in solids. The following velocities are given by 
vanous observers, in feet per second : leather 1,310; lead 4,730; 
cotton tape 4,300; cardboard 8,200; tissue paper 8,860; oak 10,900; 
copper 12,020 ; pine 15,220 ; steel and glass 17,300. 

177. Reflection of sound.—We have seen that sound is p^opa- 
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gated in air by means df spherical waves, which ap developed 
about the sonorous body in all directions. So long as tj^se sound.- 
waves are not obstructed in their motion, they are propagated in the 
form of concentric spheres ; but when they meet with an obstacle, ' 
they follow the general law of elastic bodies—that is, they are re¬ 
pelled like an ivory ball which strikes against a wall ; they return 
upon themselves, forming new concentric waves, which seem to 
emanate from a second centre on the oth^ side of the obstacle. 
The phenomenon constitutes the reflection 

The reflection of sound, or rather of sound-waves, follows the 
same laws as the reflection of heat and of light, which wc shall 
afterwards have to explain (227, 332). 

The reflection of sound may be demonstrated by means of the^ 
arrangement represented in fig. 185, which consists of two parabolic 




Fig. 185. 

mirrors placed at some distance opposite each other. At a certain 
position in front of one of them, called the focus, is placed a watch 
or other convenient sounding body. It is a property of this posi¬ 
tion, the focus, that all sound-rays starting from it which fall 
on the adjacent mirror are reflected as parallel rays. If these 
parallel rays fall on the second mirror, they are reflected to its 
focus, so that if the ear be placed there, the sound-waves are con¬ 
centrated in the ear, and the ticking of the watch is distin^ly 
heard, which is not the case if the ear is in a.different position. 
The hollow of the hand held behind the ear helps to concentrate 
^ggplld, as may be seen in almost any ordinary assembly of listeners." 
‘^^e smooth surface of water powerfully reflects sound : the barking 
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of a dog has been heard at a distance of some miles across a still 
.4ke. z ’ 

As the raws of the reflection of sound are the same as those of 


•the refle,ction of light and heat, curved surfaces of common occur¬ 
rence often produce acoustic foci^ like the lunsinous and calorific 
foci produced by mirrors. If a person standing under the arch of a 
bridge speaks with his face turned towards one of the piers,the sound 
is reproduced near the other pier with such distinctness that a 
conversation can be kept up in a low tone which is not heard by 
any one standing in the intermediate space. ^ 

There is a square room with an elliptical ceiling on the ground 
floor of the Conservatoire des Arts et Metiers, in Paris, which pre¬ 
sents this phenomenon in a remarkable degree, when persons 
■^stand in the two foci of the ellipse. So also bellying sails, such as 
those in fig. 15, are often found t« act like mirrors (fig. 185) in con¬ 
centrating sound from a distance in a focus. 

Whispering-galleries are formed of smooth walls, having a con¬ 
tinuous curved form. 'Fhe mouth of the speaker is presented at 
one point, and the ear of the hearer at another and distant point. 
In this case, the sound is successively reflected from one point to 
another until it reaches the ear. In a large, circular room in London, 
the Colosseum, Wheatstone observed that a single exclamation 
was like a peal of laughter, and the tearing of a piece of paper 
sounded like tfie patter of hail. The Kar of Dionysius, in the 
quarries of .Syracuse, concentrates the waves of sound similarly 
in one point. 

It is not merely by solid surfaces, such as walls, rocks, etc., that 
sound is reflected, but whenever a sound-wave passes from a 
medium of one density into another of different density it undergoes' 
partial reflection. In some cases the reflected wave is strong 
enough to produce an echo, and it always distinctly weakens the 
direct sound. 

Different parts of the earth’s surface are unequally heated by 
the sun, owing to the shade of trees, the evaporation of water, and 
other causes, so that in the atmosphere there are numerous ascend¬ 
ing and descending currents of air of different densities. This 
produces, as Tyndall observed and confirmed by experiments, a 
c^dition of the atn^osphere which bears much the same relation to 
sound that cloudiness does to light. The streams of air differently 
• heated, or charged with aqueous vapour to varying extents, render 
the atmosphere, as it flocculent to .sound. Air, which is 
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apparently quite transparent to light may, owing to the occurrence 
of what are in effect acoustic clouds^ be more or* lys opaque 
to sound. Ordinary rain, snow, hail, and fog have fto sensible 
effect in obstructing sound. In these phenomena we, np doubt, 
have the reason, as Humboldt observed, why sound is heard 
farther at night than in the daytime; even in the South 
American forests, where the animals, which appear silent by 
day, fill the atmosi^here in the night with thousands of confused 
sounds. To this may also be added that at night and in repose, 
when other,senses are at rest, that of hearing becomes more acute. 

178. Refraction of sound.—Not only can sound be reflected, 
but it can also be refracted^ as is shown by an experiment of 
Sondhauss. On the two edges of a sheet-iron ring, a foot in dia¬ 
meter, two sheets of collodion are fixed (fig. 186), and the apparatus 
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is then inflated by cai^nic acid, so that it forms a double convex 
lens (360). A watch being placed at a point in the axis, a corre¬ 
sponding point could be found on the other side at which the tick¬ 
ing was heard most distinctly. Outside, this point it was scarcely 
^perceptibly. Now, the sound, passing from air through the denser 
Smedium, had been made to converge towards the axis, as in the 
^ase of light (361); its direction had been changed; it had been 
refracted. If the apparatus were filled with hydrogen, which |s 
lighter than air, no such focus could be found ; it would act like 
a double concave lens (360), the divergence of the rays being in- 
”^^ed. This experiment may also be simply made by means of 
.^l^small india rubber toy balloon. 
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^79* and resonance.— An ecJw is the repetition of a 

.sound in the air caused by its reflection from some more or less 
distant obstacle. Thus, if a few words are loudly spoken at a cer- 

* tain distance from a wood, a rock, or a building, it usually happens 
that, after a brief interval, the same phrase is heard repeated, as if 
spoken in the distance by another person ; this is due to sound¬ 
waves reflected by the obstacle. 7 'here must, however, be a cer¬ 
tain distance between the place at which the sound is produced 
and that at which it is fieard. 

* A very sliarp, quick sound can produce an echo when the re- 
. fleeting surface is 55 feet distant; but for articulate sounds at least 
double that distance is necessary, for it may be easily shown that 
no one can pronounce or heai distinctly more than five syllables in 
'a second. No\^, as the velocity of sound at ordinary temperatures 
may be taken at 1,120 feet in a second, in a fifth of that time sound 
would tiavel 224 feet. If the reflecting suifacc is 112 feet distant, 

* sound would tia\el through 224 feet in going and returning. The 
time which elapses betw'een the ariiculatcd and the reflected sound 
would theiefoie be the fifth of a second, ihe two sounds would not 
intcifeie, and the reflected sound would bo distinctly heard. A 
person speaking with a loud \oice in front of a refleciing surface 
at the distance of 112 feet can only distinguish the last reflected 
syllabic ; such an flcho is said to be mono^yUabii. If the leflector 
were at a distaifce of two or three times 112 feel, the echo would 
be dissyllabic^ Itisyllabic^ and so on. 

Multiple cihoei arc those which repeat the same sound several 
times ; this is the c.ise when two opposite surfaces (for example, 
two parallel w'alls) successively reflect sound. There arc echoes 
which repeat the same sound 20 or 30 times. An echo in the 
chateau of Simonetta, in Italy, repi^ts a sound 30 times. At 
Woodstock there is one which repots from 17 to 20 syllables. 
Near Verdun is an e^ho formed by two parallel towers, at^a dis- 
l.ancc from each other of about 164 feet. A person placing himself 
between them, and speaking a word with a loud voic€^ hears it 
repeated a dozen times. Echoes usually modify sound ; some 
repeat it with noise ; others with a mocking, laughing tone or a 
plaintive accent. 

'The reflection of sound, and the production of the echoof afog- 

* horn, for example, have been utilised as a means of detecting the 
rfieighboiirhood of icebergs, when,£>wing to fogs, they cannot be seen; 
the principle is also applied in discovering the distance of blocks or 
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stoppages in the underground tubes used for the pneumatic post 
(153). A sound is produced at the open end, and the time accu¬ 
rately noted which elapses before the reflection is heawl ; the dis¬ 
tance of the block is then approximately half that \vhicl:\ sound 
would travel in this time. 

We have seen that when the distance at uhirh a sound is 
reflected is 112 feel, an erlio is produced ; and the question may be 
asked, What happens when the di.slancc is less than this ? As the 
sound has then a smaller distance to traverse, both in going and 
coming, than 112 feet, it follows that the reflected sound is added 
to the directly-spoken one. They cannot be heard separately, but 
tjie sound is strengthened. This is what is often called resonance^ 
and its effects arc so much the more marked the more elastic 
are the surfaces from which the sound is reflected. In racket-’ 
courts, and in uninhabited houses where there is no furniture, 
the sound waves reflected from the walls, the flooring, or the ceiling 
are not interfered with or broken up, and we all know how the noise 
of footsteps and the sound of thevoiie then resound. Tapcstiy 
and hangings, which aie not elastic, deatkn the sound. 

The presence of an audience in an enclosed space may also 
render it possible to hear speaking, whcie without an audience the 
distinctness of the direct voice is dcstioyed by its echoes. 

The case is cited of a church in which the vtflee of the preacher 
is heard quite distinctly only once a year ; at Chiistnias—that is to 
say, when the resonance is diminished owing to the walls being 
covered with decorations. 

j8q. Causes which influence the strength of sound. 

i. sirenf>ih of sound is inversely proportional to the square 
of the distance of the sounding body froin the ear. This law has been 
deduced by calcula^n, but it may be also demonstrated experi¬ 
mentally. Let us suppose several sounds of equal strength—for 
instance, bells of the same kind, struck by hammers of the same 
weight, falling from equal heights. If four of these bells are placed 
at a distance of 20 yards from the ear, and one at a distance of 10 
yards, it is found that the single bell produces a sound of the same 
intensity as the four bells struck simultaneously. Consequently, 
for double the distance, the intensity of the sound is only one 
fourth. 

The distance at which sounds can be heard depends on their 
loudness. The report of a volcano at St. ‘'’'incent was heard aC 
Demerara, 300 miles off, and the firing at the battle of Waterloo 
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was heard at pover, while the report of the colossal volcanic out- 
.burst at I^katoa in 1882 is said to have been heard at a distance 
of 2,900 mires. 

ii. TJie strength of sound increases with the amplitude of the 

vibrations of the sounding body. The connection between the 
intensity of the sound and the amplitude of the x ibrations is 
•readily observed l)y means of vibrating cords. For if the cords 
arc somewhat long, the oscillations are perceptible to the eye, and 
it is seen that the soun^ is feebler in proportion as the amplitude 
of the oscillations decreases. • 

For the same reason the dying sounds of the last blows of 
a bell become gradually feebler, until they are ultimately extin¬ 
guished. 

iii. The strength of sound depends on the density of the air in 
the place in which it is produced^ As we have already seen (173), 
when an alarum moved by clockwork is placed under the bell-jar 

* of the air-pump, the sound becomes weaker in proportion as the 
air is rarefied. 

In hycb'ogen, w’hich has about di^h the density of air, sounds 
are much feebler, although the pressure is the same. In carbonic 
acid gas, on the contrary, which is half as heavy again as air, 
sounds arc louder. On very high mountains, where the air is 
much rarefied, it i^necess.'iry to speak with some effort in order to' 
be heard, and the discharge of a gun produces only a feeble sound. 
During a frost, sounds are heard at a greater distance, because 
air is then more dense and usually more homogeneous ; and 
country people will thus often predict the weather from obseiwing 
the sound of the village bell. For the propagation of sound is 
modified, as w’e have seen (177), by the occurrence of layers of air 
of different densities. 

iv. The strength of sound is modified by the motion of the atmo¬ 
sphere and the direction of the wind. In calm weather sound is 
always better propagated than when there is wind ; in the latter 
case, for an equal distance, sound is louder in the direction of the 
wind than in the contrary direction. 

V. The strength depends also on (he size of the body set in vibration. 
Thus a long, heavy whip can be made to crack more loudly than a 
slfcrt and light one, since in the former case a larger mass and a 
greater volume of air are put in motion ; the sound of a large bell 

• exceeds that of a small one ; the report of a cannon is louder than 
that of a gun. 
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VI. Lastly, sound /f •strengthened by the neighbourhood of a 
resonant body. A string* made to vibrate in free air has bi^t 
a very feeble sound; but when it vibrates in contact with a 
sounding-box, as in the case of the violin, the guitar, th^ violon¬ 
cello, or the pianoforte, its sound is much stronger. This arises 
from the fact that the box, and the air which it contains, vibrate 
in unison with the siring. Hence the use of sounding-boxes in 
these instruments. 

i8i. Influence of tubes on the transmission of sound.—The 
diminution in the streni^lh of sounil as the dislam e increases is due 

to the fad that the sound-w.it es aie 
propagated in the form of continually 
int reasing spheres ; and it may indeed 
be proved geometrically that, since sound 
IS thus teransmilted, its intensity must be 
inversely as the sqii.aie of the distance. 
If, however, the sound is sent through 
a tube, the w.ivcs are jiropagated in 
only one diicLtion, and sound can be 
transmitted to great disianrcs without 
ai)j)reciable alteration. Jbot found that 
in one of the Pans water-pipes, 1,040 
yaids long, the \oicc*lost so little of its 
intensity that a toinersation could be 
l:c])t up at the (‘nds of the pipe in a very 
low tone ; so that, as Iliol expicssed it, 
in order not to be heard, it was necessary 
not to speak at all. The weakening of 
sound becomes, howevei, perceptible in 
tubes of large diameter, or wheie the 
sides are rough. 

In Carisbrooke Castle, in the Isle ff 
Wight, there is a well, lined with smooth 
masonry, 212 feet deep and 12 feet wide ; 
when a pin is dropped into the well, it 
is distinctly heard to strike against the 
water ; shouting or coughing into this 
well produces a resonant ring of some 
duration. 

This property of transmitting sounds was frst applied in Eng- * 
land for speaking-tubes^ which are used in mines, in hotels, and 
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large establishments, for transmitting orders. They consist of 
^india rubber or metal tubes of small diameter^ provided at each end 
with an ivJ^y, bone, or ebonite mouthpiece, and passing from one 
• room to another. If a person speaks at one end of the tube 
(6g. 187), he is distinctly heard by a person applying his ear at the 
other end. Usually the main part of the tube is of zinc, and the 

to which the mouthpiece is attached of india rubber. 

A whistle can be placed in the mouthpiece, in order to call the 
attention of the person*signalled for ; the person at one end blows 
into the open tube, which sounds the whistle at the other end ; the 
person signalled to then removes the whistle and 
applies his ear, while the other end is spoken 
into. 

One of the most important applications of 
acoustic principles is that of ihe stethoscope. It 
consists of a cylinder of hard wood, about i foot 
• long, and i;].- inch broad at one end, in which 
a longitudinal passage is bored (fig. 188). One end 
of the stethoscope is held against the jxirt of the 
body to be examined, and the ear is held against 
the other. The skilled physician can detect the 
healthy or diseased condition of an organ by 
the peculiar sound emitted, which is strengthened by resonance. 

182. SpeaMng-trumpets.—The speaking-trumpet^ as its name 
implies, is used to render the voice audible at great distances. It 
consists of a slightly conical tin or brass tube (fig. 189) very wide 
or funnel-shaped at one end (which is called the /v//), and provided 
with a mouthpiece at the other. The larger the dimensions of this 
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instrument, the greater is the distance at which the voice is heard. 
Ils action is usually ascribed to the successive reflection of sound¬ 
waves from the sides of the tube, by which the waves tend more 
and more to pass in a direction parallel to the axis of the instru¬ 
ment. It has, however, been objected to this explanation, that the 
sounds emitted by the speaking-trumpet are not stronger solely in 
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the direction of the axi?, but in all directions ; and that the bell 
would not tend to produce parallelism in the sound-wave, whereas 
it certainly exeits considerable influence in strengthening the sound. 
According to Hassenfrat/, the bell acts by causing a large^mass of 
air to be set in consonant vibration before it begins to be diffused. 
By means of tlie speaking-trumpet, the word of command can be 
heard on board ship above the noise of the waves. 'Fhe longer 
trumpet, the greater the distance to which sound is carried. A 
strong man’s voi<jp sent through a trumpet^ 20 feet in length has 
been heard at a distance of three miles, while without such help 
about 900 or 1,000 feet is the greatest distance at which he can 
be heard. 


183. Ear-trumpet. Audiphone.- The ear-trumpet is used by 
persons who are hard of hearing, and consists of a metal tube, one'* 
of the ends of which, termin.ilii\g in a bell^ receives the sound, 
while the other end is introduced into the ear. Fig. 190 shows a 
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variety of different shapes. The action of this instrument is the 
reverse of that of the speaking-trumpet. The bell serves as 
mouthpiece —that is, it receives the sounds coming from the person 
who speaks. These sounds are transmitted by a series of reflec¬ 
tions to the interior of the trumpet, so that the waves, which woiiid 


beifippe greatly dispersed, aic concentrated on the hearing appara- 
Aw^d produce a far greater effect than divergent waves would 
Hfdone. 
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In man ai^d many animals the outer ear is a trumpet which 
receives the Vaves of sound. In some ‘animals this part of the 
* Wearing ap||aratus is long and flexible, so that, by adjusting it, the 
, animal can easily recognise the direction from which the sound 
proceeds. From this is, no doubt, derived the common phrase 
‘ pricking up the ears.’ 

^ Here may be mentioned the audiphone^ invented by Mr. 
T^nbdes, of Chicago, an instrument which is of considerable service 
to people hard of hearing; in its most simple form (fig. 191) it 



consists of a rectangular piece of smooth cardboard or sheet ebonite 
a1)out of an inch in thickness, the square end of which is held in 
one hand while the opposite and convex edge is pressed against 
the teeth of the upper jaw so that it is slightly befit; it receives 
the sounds which are produced in the air, and transmits them to 
the auditory nerves through the bones of the head. It is stated 
that, by means of this simple apparatus, not merely deaf people, 
but even those who arc deaf and dumb, can hear musical sounds 
and even speech. 
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CHAPTER II 


MUSICAL SOUNDS. PHYSICAL THEORY OF MUSIC 


184. Difference between musical sounds and noise.—Sounds are 
distinguished from noises. Sound properly so called, or mus ical 
SMii 0 ^ is that which produces a continuous arid regular sensation, 
and the rat e of whose vibrations can be dHerrriinecT TEe^ oriiy^ 
condition necessar^ for produciiig a musical sound is that the 
individual impulses shall succeed each other with sufficient rapidity 
at equal intervals of time. Whatever be its origin, whether it be 
the ticks of a watch or the puffs of a locomotive, if this condition 
be fulfilled, the coalescence of the separate impressions produces a 
musical sound. 

On the other hand, noise is either a sound of so short a dura¬ 
tion that it cannot be determined, in which case it is called a 
report.^ like that of a cannon, or else it is a confused mixture of many 
discordant sounds, like the rolling of thunder, the rattling of a box 
of nails, the hissing of hot iron when dipped in water, the rustling 
of the leaves, the splashing of a falling jet, or the noise of the 
waves. The difference between sound and noise is, however, by 
no means sharp. Savart, a French physicist, has shown that 
there are relations of height in the case of noise, as well as in that 
of musical sound, and there are said to be certain cars sufficiently 
well organised to determine the musical value of the sound pro¬ 
duced by a carriage rolling over the square blocks of a granite 
pavement. 

The action of a noise upon the ear has been compared to that 
of a flickeifing light upon the eye ; both are painful, in consequence 
■^of the sudden and abrupt changes which they produce in the 


Respective nerves on which they act. 

85. Characteristics of musical sounds.—Musical sounds«or 
have three leading qualities—namely. intensity , and 

The pitch or height of a musical tone is determined by the 
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number of vib/ations m a second yielded* by tjie body producing 
tltf tone. 

II The imenniy or lottdness of the tone depends on the extent 01 
amphtudfi of the v ibi ations Il^^rjfreatcr when the extent is greater, 
and less when it is k ss So fai it has not been possible to get any 
expciimcntal mcasuumrnt of loudness, but it seems to be nearly 
^NMiypitionil to the squiie of the imphtudc of the vibialions 
whi^i'^oducc the tone^ 

III timbre (the hicncli woid for ‘stamp’) is that peculiar 
quality of tone whieh distinguishes a note when sounded on one 
instiument fiom the same note when sounded on anothei Thus, 
when the C of the ttelile stavo i*, sounded on a violin and on a 
flute, the two notes will have the suiie pileh—that is, aic pioduced 
by the same numbci of v ibrations pei second , and they may have 
the same intensity 01 loudness, ftnd ytt the two notes will have 
very distinct qu.ilitics—that is, their timbie is diffeient By 
*>onie wiiteis this peculiar pioperty is called the coloiti, by otliers , 
the quality^ of a tone. 

186 Syren. The vibrations of any sounding body are so 
1 ipid that tht> cannot be followed by the e)c and counted 
\aiious foinis of appaiatus have 
been invented for the puiposc of 
deteiminiiit, the nuifiber of \ibia 
tions conesponclfng to partuulai 
•notes Of these, the one repi e- 
sented in fig 192, devised by 
Scebeek, is given as being the 
simplest iiid most intelligible 
It consists of a eiieulai disc of 
stout caidboaid, 01 of sheet metal, 
about I foot in diameter This, 
disc IS perforated by four concen- 
tiie senes of small, equidistant 
holes hor simpaeit>’s sake the 
innei of these is lepiesented as having 12, the second 15, the thud 
18, and the fouith 24 holes , but a multiple of these 1 alios—say 48 
60, 72 , and 96—IS more convenient 

the disc lb made to rotate rapidly, and the most convenient 
pl&n IS to fix It on a tuming-table (fig. 18), in the place of A B. 
Then, by means 0$ a glass tube, diawn out at one end so as to be 
smallei than the diameter of the holes, a cuirent of an is directed 

P 
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against one of the series of holes in the rotating d^sc. A tone is 
now heard, which is tolerably pure when the rotation is sufficiently 
rapid, and the number of vibrations corresponding 4 o it can be 
readily determined. Suppose, for instance, that there are 48 
in the innci series of holes. Then each time a hole passes m 
front of the glass tube a wave is pioduccd which 1 caches the 
ear in the ordinary manner. If, for example, the disc 
turns in a second, in each second iG times 48, 01 768, hoV-a pass 
in front of the tube, and there are produced 768 waves, which fall 
upon the ear within a second, at equal intervals of time. If, in like 
manner, the tube were held over the second senes of holes, while 
the rotation goes on at the same rate, we should hear the tones 
corresponding to 16 times 60, or 960 vibrations in a second Thu«' 
proceeding in like manner, and moving the tube successively^ 
from the inner to the outer series of holes, we hear succes¬ 
sively the fundamental note, the major third, the .fifth, and the 
.octave (189). 

187. Limit of perceptible sounds.—Savart was the first to 
determine the limit of the number of vibiations which the eai 
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could perceive. He invented an apparatus foi^this purpose which 
is known as Savar.'s toothed wheel (fig. 193). It consists cs- 
sentiallyf)f a metal wheel, B, with a series of equidistant, sharp teeth 
on its periphery. This is made to rotate at a uniform speed by 
the motion transmitted by a band, D, from a large wheel, A, and 
a card, or, still better, a thin elastic steel plate, E, is fixed so that, 
in the rotation of the wheel, each of the teeth strikes against the 
plate, and each time produces a sound. If, for instance, the rim* 
of ^ wheel has 600 teeth, and it is made to rotate 4 times in a 
seciid 2,400 impulses are given in a second. xThe number of 
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impulses depel^ds thus on the velocity of'rotation, and the sounds 
.produced are pure and continuous. 

Thus, to^determine the number of vibrations corresponding to 
•any particular note it is simply necessary to turn the wheel at an 
increasing rate until it produces a note in unison (189) with the 
one in question, after which the speed of rotation is kept constant. 
HKrtiQwng the number of teeth on the wheel, and the rate of 
rotatKhi, which is ascertained by a clockwork motion on the side, 
wc can at once calculate the number of vibrations. By means 
of this apparatus, Savarl ascertained that the 
.sounds arc produced by 16 vibrations in a second. If the number 
of vibrations is less, no continuous sound is heard. The same 
physicist found that the highest sound which the ear can perceive 
concsponds 1048,000 vibrations in a second. Between these two 
limits It will be seen what an cndl-inous quantity of sounds may be 
produced and perceived. Yet the sounds used in music, and more 
‘especially in singing, are comprised within much narrower limits. 
(192). Thus, the range of vibrations produced by the human 
voice has been ascertained ; and it has been found that the lowest 
notes of a man’s voice are made by 190 vibrations in a. second, 
and the highest notes by 678, The lowest note of a woman’s 
voice corresponds to 572 vibiations, and the highest to 1,606. 

188. Musical scile. Gamut. -The human car can distinguish, 
not inerel) that which is the highest or the lowest among several 
• sounds, but it can also appreciate the relations which exist between 
the numbei s of vibrations corresponding to each of these sounds. 
Not, indeed, that we can say whether one sound piodiices two or 
three times as many vibrations as another ; but w henever the 
niimbeis of \ibiations of two successive or simultaneous sounds 
are in a simple ratio, these sounds excite in us an agreeable sensa¬ 
tion, which varies with the ratio of the vibrations of the tw'o sounds, 
and which the ear can readily estimate. Hence results a seiics of 
sounds characterised by relations, which have their origin in the 
nature of our organisation, and which constitute what is q^lled the 
musical scale. 

This is the ordinary opinion as to the origin of the musical scale. 
Acimrding to Helmholtz, however, the system of scales, and their 
^harmonic relation, does not depend on invariable natural law's, but 
is, on the contrary, the consequence of aesthetic principles which 
have varied with the progressive development of humanity, and 
wrill continue to vary. 
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In this series the solinds are reproduced in the same order, 
in periods of seven, each period constituting the diatonic scale or 
gamut ; and the seven sounds or notes of each gamut art? designated 
by the names C, D, E, F, G, A, K, or by ut oi do^ re^ nii^fa^ sol^ la^ 
si. The first six of these letters arc from the first syllables of the lines 
of a hymn which was sung by the chorister children to St. John, 
their patron saint, when they prayed to be ficed from hoai.i^*' 
ness; and the word is formed of the first Ictteis of St.''j“ohn’& 
name. 


Ut queant laxis 
Mira gestorum 
Solve polluti 
Sanctc 


resonare fibris 
famuli tuorum 
labii leatum 
loanncs. 


The word gamut is derived from gammas the third letter of the 
Greek alphabet, because Guido d’Arezzo, who first (iq the eleventh 
century) represented notes by points placed on parallel lines, 
denoted these lines by letters, and chose the letter gamma to desig¬ 
nate the first line. 

If we agree to represent by i the number of vibrations of the 
• fundamental note C or do of the gamut—that is to say, of the lowest 
note—experiment shows that the numbers of v ibiations of the other 
notes of the scale are those given in this tabic ?— 

C D E F (; A 11 c 

do re mi fa sol la si do 

J I I ! g § ¥ 2 

This table does not give the absolute numliers of the vibrations 
of. the various notes, but only their relative numbers. Knowing 
the absolute number of vibrations of the fundamental C, we may 
deduce those of the oilier notes by multiplying them by • 

or 2 respectively ; Snd we thus find that the number of vibrations 
of the octave (189) is double that of the fundamental note. 

The %cale maybe continued by taking the octaves of these notes, 
denoting them by c, e^fg, and again the octaves of these 
last, and so forth. 

189. Intervals.—The interval between two notes is the ratio of 
the numbers of vibrations which produce these notes. 

The interval between any two consecutive notes of the gamut is^ 
called a second— as the interval from do to re^ from re to mi<^ 
froip 7 m to fcL^ and so on. 
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If betweeiyany two notes which are compared there are one, 
two, three, four, five, or six intermediate notes*, these intervals are 
c*alled resp^tively a thirds a fourth^ fifths sixths seventh^ and octave. 
.These words are not used in the same sense as in fractional arith- 
metic ; an interval of a fifth simply stands for the difference of jHtch 
between the first and fifth notes of the scale. Thus the interval 
,, ^r^ C to E is a third, that from C to F a fourth, from C to G a fifth, 
fron^Qto A a sixth, from C to B a seventh, and from C to an octave. 

Although two or mA-e notes may be separately musical, it does 
not follow that, when sounded together, they produce a pleasant 
sensation. When the ear can distinguish without fatigue the ratio 
between two sounds, which is the case when the ratio is simple, the 
accord or co-existence of these two sounds forms a consonance ; but 
if the number of vibrations is in a complicated ratio, the ear is un¬ 
pleasantly affected, and we have^d/ssonancc. 

The simplest concord is unison., in which the numbers of vibra- . 
• tions are equal; then comes the octave, in which the number of 
vibrations of one sound is double that of the other ; then the fifth*, 
where the ratio of the sounds is as 3 to 2 ; the fourth, of which 
the ratio is 4 to 3 ; and, lastly, the third, where the ratio is 
5 to 4. 

If three notes are sounded together, they are concordant when 
the numbers of th®ir vibrations are as 4 : 5 : 6. Three such notes 
form a harmonic triad., and if sounded with a fourth note which is 
, the octave of the lowest, they constitute what is called a major 
chord. Thus C, E, G form a major triad, G, B, d form a major 
triad, and F, A, c form a major triad. C, G, and F have, for this 
reason, special names, being called respectively the tonic., domi¬ 
nant, and sub-dominant, and the three triads the tonic, dominant, 
and sub-dominant triads or chords respectively. 

If, however, the ratio of any three notes is as 10 ; 12 : 15, the 
three sounds are slightly dissonant, but not so much as to prevent 
them from producing a pleasant sensation. When .these three 
notes, and the octave to the lowest note, are sounded together, they 
constitute a minor chord. * 

The intervals between the notes in the scale are— 

C to D g 

D to E V- 
E to F H 

F to G g 


G to A 
A to B I 
B to C f f 
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It will be seen that there are here three kinds oi^intervals : the 
interval § is called a major tone^ and that of a minor tone ; the 
relation between the major and the minor tone is § V»|arid 
is called a comma. The interval is called a major semitone. The 
major scale is formed of the following succession of intervals : a 
major tone, a minor tone, a major semitone, a major tone, a minor 
tone, a major tone, and a major semitone. It is this succession, 
which constitutes the scale : the key-note, or the tonic, mgijf^ave 
any number of vibrations ; but, once its hefight is fixed, that of the 
other notes is always in the above ratio. 

190. On semitones and on scales with different key-notes. —It 

is found convenient for the purpose of music to introduce notes 
intermediate to the seven notes of the gamut; this is done bv 
increasing or diminishing those notes by an interv^al of which is 
called a minor semitone. Wheiifl a note—say C—is increased by 
this interval, it is said to be sharpened., and is denoted by the 
symbol Clt, called ‘ C sharp’—that is, the ratio of CS to C is as 
*25 : 24. When it is decreased by the same interval, it is said to be 
flattened, and is represented thus, Bb, called ‘B flat’—that is, the 
ratio of B to Bb is as 25 : 24. If the effect of this be examined, 
it will be found that the number of notes in the scale from C up to 
€ has been increased from seven to twenty-one notes, all of which 
can be easily distinguished by the ear. Thus, reckoning C to 
equal r, we have— * 

C CJI Db D DU Eb E etc. 

* U U ^ ^ i etc. 

Hitherto the note C has been taken as the tonic or key-note. Any 
other of the twenty-one distinct notes above mentioned—for instance, 
G, or F, or C#, etc.—^may be made the key-note and a scale of notes 
constructed with reference to it. This will be found to give rise in 
each case to a series of notes some of which are identical with 
those contained in the series of which C is the key-note, but most 
of them different. The same would be true for the minor scale as 
well as for the major scale, and, indeed, for other scales which may 
be constructed by means of the fundamental triad. 

191. On musical temperament —^The number of notes that 
arise from the construction of the scales described in the last 
article is enormous ; so much so as to prove quite unmanageable ' 
in the practice of music, and particularly for music designed for, 
instruments with fixed notes, such as the pianoforte or harp. Ac* 
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cordingly it becomes practically importaijt to reduce the number 
of notes, which is done by slightly altering their just proportions, 
'this procesds is called temperament By tempering the notes, how- 
. ever, more or less dissonance is introduced, and accordingly several 
different systems of temperament have been devised for rendering 
this dissonance as slight as possible. The system usually adopted 
is called the system of equal temperament It consists in keeping 
theVstaves pure, but substituting between them, between C and c 
for instance, eleven notes at equal intervals, each interval being the 
twelfth root of 2, or i *05946. By this means the distinction between 
the semitones is abolished, so that, for example, C# and Db become 
the same note. 'Flic scale of twelve notes thus formed is called the 
thromatic scale. It, of c ourse, follows that the major triad becomes 
'slightly dissonant. 'Flius, in the diatonic scale, if we reckon C to 
be I, K is denoted by 1*25000 c^cl (1 by 1*50000. On the system 
of equal Lcmpcramcnl, if C is denoted by 1, E is denoted by 1*25992 
and G by 1*49831. When some of the inteivals arc kept pure, and 
the erroi is distributed among the others, we \x,xvq unequal tempera¬ 
ment. 

With instruments such as Uie violin or violent ello it is possible 
to obtain all the intervals with perfect accuracy--that is, to obtain , 
natimil or just temperament ; tliis is al.so the case with the voice, 
where singers liai*e been trained to sing without the accompani¬ 
ment of a pian9 ; hence it is here that we meet with the highest 
musical effect. 


192. Xbe., number of vibrations producing each note. The 
tuning-fork.—Hitherto we ha\e not assigned any mimef^cal value 
to that symbol the note C. In the theory of music it is Loramon 
to .issign 256 coinplele ybrations to the middle C. 'Fhis, however, 
is arbitrary ; its justification is the facility with which this number 
may be subdivided. An instrument is in tune pvo\idcd the in- 
tcr\als between the notes arc correct, when C is yielded by any 
number of vibrations in a second which does not differmuch from 256. 
Moreover, two instruments arc in tunc with one another, if, being 
separately in tunc, they have any one note—for instance, yielded 


by the same number of vibrations. Consequently, if two instru¬ 
ments have one note— say C— in common, they can then be brought 
into tune jointly by having their remaining notes separately ad¬ 


justed with reference to that fundamental note. A tumn^-p)r k\ 
js^n i nstrumen t yielding a constant note^ and is used as a stan-| 
^rd for tuning musical instruments. It consists of an elastic steel; 
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^ rod, bent as representc 4 m fig 194 or 195 It is xii^de to vibrate 
eithci by dr'iwmg A bow across the ends, as shown in the figuie, 
01 by striking one of the legs against a hard body, cyr by rapidly 
separating the two legs by means of a steel rod 1 he vibration pio 
duces a note which is always the same for the same tuning fork 
The note is strengthened by fixing the tuning fork on a box 
open at one end, called a tt \omince box (192) 

) The small foik in oidinaiy use, lepiesented in fig I94,i»'*neld 
between the fingcis at cme of the prongs t stiuck smaitly igamst 
a hard body and then the end a held on a table 1 he sound is 
^ thereby greatly intensified, tht table acting as a sounding board 
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It h IS been lem uked toi some yens that not only has the piU h 
of the tmun*, foik ih^t is, cmiLcrt pitclL. been getting higher m the 
Ui„ei iheitiesof tin opc, but also that it is not the sune in London, 
I’aiis, Vienna, Milan, et'' 1 his is a source of gicat ineomcnience 
to both eouiposeis and singers, and a commission was appointed 
to establish in P ranee a tuning folk of uniform pitch, and to picparc 
a standaid which vould seive as an invariable type In accoicl 
ance with the lecommendations of iXiaXhodynormal fumng f€f k 
has been established, which is compulsory on all musical esta¬ 
blishments in France, and a standard was deposited m the Con- 
servatoiy of Music in Pans / 
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It makes 870 single or 435 double vibrations in a second, and 
yields the note la of the treble stave \ the do, or C, of the same 
stave make%thu& 261 double vibrations in a second. 

The standard tuning-foik adopted by the Society of Arts in 
London, on the recommendation of a committee of eminent 
musicians, makes 264 vibrations in a second, and gives the middle 
C of the tieble stave. The conesponding A, or la, gives therefore 
44o\ibrations in a second. 

The middle C is th^note sounded by the white key immediately 
on the left of the two black keys which are near the middle of the 
keyboaid of a pianofoitc. It is designated in musical notation as 

^— jL~* ^ purposes of compaiison it is convenient to call 

this note and the ne\t lower octave c ; the octave lower than 
this C, and the still lowei one C*,, and so on. The lowest note of 
grand pianos is A,,, which giNes 27*2 \ibrdtions in a second. 



I itt Tgfi. 


In like manner the higher octaves are distinguished by affixes—' 
.thus, c", c"', c*’, and so forth. In height the pianoforte reaches to 
a‘% with 2,S2o, or c’, with 4,224 Vibrations in a second. 
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The practical range musical sound is comprised between 40 
and about 4,000 vibrations in a second, or within 7 octaves. 

The principle of the method by which the vibratiow-frequcncies 
of two tuning-forks or those of a tuning and a vibrating lod are 
compared is illustrated in fig. 196. The apparatus there repre¬ 
sented consists of a cylinder, A, which can be lotated about its 
axis by means of a handle. The axis has a screw thread cut 
upon it, so that as the handle is turned the cylinder ristfs or 
falls. The cylinder is covered with pajier coated with lamp¬ 
black. Suppose that we wish to compare the rale of vibration, 
or vibration-frequency^ of a rod pointed and clamped as shown, 
with that of a tuning-fork. A thin copper style is attached to 
one prong of the fork, and the end of this, as well as the point 
of the rod G, is brought into contact with the cylinder. If while 
both arc at icst the handle is ‘urned, two parallel and slightly 
inclined lines will be traced on the blackened suilace. But when 

both are set in \ ibrntioii 



l^ig. 197. 


and the cylinder is rotated 
as uniformly as possible, 
each point traces a sinu¬ 
ous line containing as 
many undulations as the 
point * whether belonging 
to the tiAing-fork or the 
rod—has made vibrations 
(fig. 196, top left-hand 
(01 nei). Thus, by (oiint- 
ing the number of undu¬ 
lations in a given distance 
on the (ylindei made by 
each ])oii.t and duiding 
one by the other, w e ob¬ 
tain a comparison ot their 
vibration-frequencies. In 
the same w^ay the vibra¬ 
tion-frequencies of two 
forks are compared. ^ 
193. Resonance of'^iur. 
The action of the re- 


MWee-box in strengthening sound (fig. 195) may be illustrated 
by Ae following experiment (fig. 197). A B is a glass cylinder. 
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about 15 inches in height, and i to inch in diameter. If an 
^ ordinary tuning-fork be made to vibrate, its sound is very faint, 
and if it is ijield over the empty cylinder probably no alteration 
. will be experienced. When, however, water slowly and noiselessly 
poured into the cylinder reaches a certain height, the previously 
faint sound is far louder. Any other tuning-fork, which yields a 
different note, if held over the cylinder, will not have its note ‘ 
strengthened. Reverting now to the original tuning-fork ; if, while . 
it is still sounding aiftl its sound is being strengthened by its 
neatness to the cylinder, we continue to pour in water, the sound - 
becomes as faint as it was oiiginally. Hut if the excess of water 
be lemovcd until tlie tone of the fork is once more strengthened, 
.ind if, lemoving the fork, we sound the column again by blowing 
■across the mouth of it, wc find that the column of air emits the 
same note as the tuning-foik. lienee, then, the tuning-fork could 
set a ccjlumn of air m vibiation so as to pioduce the same note ; 

• and this, adding itself to the oiigmal, sticngthened it. 

194 - Compound musical notes. Harmonics. Overtones.—We 
have already seen (185) that ihcie is 'i peculiar ciuality, or timbre, 
as it IS called, by which the notes of diffeient instruments are char- 
actciised. Thus, we readily distinguish between notes of the same 
pitch when sounded on a pianoforte, and on an organ or trumpet, 
Ijciwecn the note of a slreUhed wire and one of catgut, and even 
with one and tlffc same sti mg according as it is ‘ struck * as with a 
piano, ‘ twitched ’ as with a harp, or ‘ bowed' as with a violin. This 
pcciiliaiity of the tone is due to the fact that only in very few cases 
does an instrument give a pure note, but that in most cases the 
fundamental note is accompanied by a sciics of upper notes or 
harmoniii>. To understand what these arc we may rcfei to art. 206, 
in which it is stated that by successively intensifying the current of 
.iir wc get in a slopped pipe a succession of notes the numbers of 
whose vibiations are as the seiics of odd numbers, i, 3, 5, 7, etc. 
So, too, if we sound an open pipe in a similar w^ay, we get the 
series of notes whose vibration-frequencies are represented by the 
numbers i, 2, 3, 4, 5, etc. These are called the harmonics of the 
primary note. 

Now, if we sound a particular note on the piano, a practised 
eai«can discovei, by a little attention, that the primary or funda- 

* mental note is accompanied by a series of higher notes of varying 
.intensities, but all faint as compared with the fundamental. These 
upper notes may be detected, and the compound nature of the 
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primary sound analysed, even by an unpractised ear, by the use of 
resonance globes^ which Helmholtz devised for this purpose. 
These instruments, one of which is represented in figr 198, are an 
application of the principle explained in the foregoing paragraph. 
They are small, hollow spheres ; the projection whicli has a 

small hole, is placed in the ear, 
while the wider aperture, a, is 
directed towards the source of 
sound. Edch of these resonators 
b is constructed or tuned for a 
particular note ; so that if, having 
sounded the string of a pianoforte, 
we hold near to it a resonator 
tuned for a particular note, this 
note if present will be intensified. 
Thus, if we depress the key c we hear no particular strengthening 
if a resonator tuned for g be held near the ear ; but when the 
'resonators sounded for c\ g\ c” are used, we hear them powerfully 
respond when held to the ear. Hence the notes c\ g\ c*' are con¬ 
tained in the mass of sound which is produced when the key c is 
depressed. 

Helmholtz’s researches show that the different timbre or quality 
of the sounds yielded by different instruments is due to the fact that 
the fundamental notes are accompanied in each*'case by special 
harmonics or overtones in varying intensity ; some of his principal 
results are as follows :— 

Simple notes—those, that is to say, without any admixture of 
overtones—are most easily produced when a tuning-fork is held 
near a resonance-box of suitable length. These notes are soft, and 
are free from all sharpness and roughness. ‘ 

The notes of the flute are also nearly pure, for their overtones 
are very feeble. Stopped organ-pipes of large cross section give 
the fundamental note almost perfectly pure ; narrower ones give, 
along with it, the fifth of the octave. Wide open pipes give the 
octave along with the fundamental note ; and narrower ones give a 
series of overtones. 

The overtones present in the sounds of stretched strings depend on 
the material of the latter and on the manner in which the^ are made 
to sound. In good pianos the overtones are powerful up to the sixth.' 
In esiCciGSx^^nged instruments the fundamental note is comparatively 
stropgbrthan in pianos : the first overtones are feebler; the higher. 
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from the sixth to the tenth, on the contrary, are far more distinct, 
apd produce the penetrating character of the sound of stringed 
instruments.'* In the pianoforte (189) tlie place at which the string 
is struck, is ^ to J of the whole length. These positions destroy the 
seventh and ninth harmonics respectively--/.^^, those the vibration- 
frequencies of which are 7 and 9 times as great as that of the 
fundamental, which are discordant with each other and with the 
fundamental—while just those overtones preponderate which pro¬ 
duce the most beautifuf musical effect. 

Metal rods and plates produce, along with the fundamental 
note, a series of veiy high overtones which are discordant with 
each other, but are continuous and of equal strength with the 
primary note. Thus is produced that peculiarity knowm as a 
metallic sound. 

By the occurrence of the lower harmonics along with the 
primary note the tone is more sonorous, richer and deeper than 
' the primary note ; by the occurrence of the higher overtones, the 
clang acquires its penetrating character. The human voice is very* 
rich in overtones. 

The rushing sound heard when certain large shells are held 
near the ear is due to the fart that the mass of air in the shell 
responds to certain sounds and strengthens them. 
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CHAPTER III 

TRANSVERSE VIBRATIONS OF STRINGS. STRINGED INSTRUMENTS 

195. Transverse vibrations of string^s.—We have already seen 
(170) th.at when an elastic string, stretched at the ends, is re¬ 
moved from its position of equilibrium, it reverts to it as soon as 
it is let go, making a series of vibrations which produce a sound. 
The strings used in music are commonly of catgut or metal wire. 
The vibrations which strings experience may be cither iramnwrse 
or loTtgitudinal^ but practically the former are alone important. 
'Transi/erse inbraiions may be produced by drawing a bow across 
the strings, as in the case of the violin ; or by striking the strings, 
as in the case of the pianoforte ; or by twitching them transversely, 
as in the case of the guitar .and the harp. 

196. Laws of the transverse vibrations of strings.—The 
number of transverse vibrations which a string can make in a 
certain time—that is, the note it yields—varies with its length, its 
diameter, its tension, and with its specific gravity, in the following 
manner *.— 

T?ie tension bcint^ constant^ the number of vibrations in a second 
is inversely proportional to the length of the string— that is, if a 
string makes 18 vibrations in a second, for instance, it will make 
36 if its length is one-half, 54 if its length is one-third, and so on. 
On this property depend the violin, the double-bass, etc.; for in 
these instruments, by pf^fessing the string with a finger, the length 
is reduced or increased at pleasure, and the number of vibrations 
and therewith the note, is regulated. 

With strings of the same length and tension the number of 
vibrations in a second is inversely as the diameter of the string— 
that is, the thinner a string, the greater its number of vibratiqns, 
att 0 the higher its pitch. In the violin, the treble string, which is 
IQl* thinnest, makes double the number of vibrations of that which 
would be made by a string the diameter of which is twice as 
great. 
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The mtmber of vibrations in a second is directly proportional 
Jq the square root of the stretching weight or tension —that is, when 
the tension a string- is four times as great, the number of vibra- 
<:ions is, doubled ; when the tension is nine times as great, the 
number is trebled ; and so on. This, then, furnishes a means of 
altering the pitch of a note by sketching, as is done in stringed 
instiuments. 

Other things being equal, the vibration-frequency of a string 
is inversely a<! the square root of its density. Hence, the greater 
the density of the material of which stiings are made, the deeper 
are the sounds they j leld. 

From the preceding laws it will be seen how easy it is to vary 
the number of the vibrations of strings and make them yield an 
extreme variety of sounds, fiom the deepest to the highest used in 
music. • 

197. Sonometer. Verification of the laws of the vibrations of 
■ stringy. —This may be effected by means of an instrument called 



Fig. 109. 


■ the sonometer or nionochord. It consists of a thin wooden box 
to strengthen the sound. On this there are two fixed bridges, 
A and B (fig. 199), over which pass the strings, A B, C I), which 
are commonly metal wires. These are fastened at one end, and 
stretched at the other by weights, P, which can be increased or 
diminished at will. By means of a third movable bridge, D, the 
leqgth of that portion of the wire which is to be put in vibration 
carf be altered at pleasure. 

If two strings are taken which are identical in all respects, and 
•are stretched by equal weights, they will be found, on being struck, 
to -yield the same sound. If now one of them be divided by the 
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movable bridge, D, into two equal parts, the sound yielded by C D 
will be the higher octave of that yielded by the entire string, A IJ, 
which shows that the number of vibrations is doubl^id, and thus 
verifies the first law. , 

To verify the second law, the bridge, D, is removed. If the 
String A B is taken so that it has double the diameter of the other, 
but both are stretched by the same weight, it will be found that 
the sound which the thinner string yields is the next higher octave 
of that yielded by A B ; proving thus that tfie number of vibrations 
is doubled by doubling the diameter of the string. 

The two strings being of the same diameter, and the same 
length, if the weight which stretches the one be four times that 
which stretches the other, the sound yielded by the first is the 
higher octave of that of the second, which shows that the number 
of vibrations is doubled ; when the weight is nine times as great, 
the sound is the higher octave of the fifth of the former, and so on. 

The fourth law is established by using strings of different 
materials—copper, steel, catgut—and therefore of different densities, 
but of the same dimensions, and stretched to the same extent. 

198. Stringed instruments.—Stringed musical instruments de- 
• pend on the production of transverse vibrations. In some, such 
as the piano, the sounds arc constant, and each note requires a 
separate string ; in others, such as the violin and guitar, the sounds 
are varied by the fingering, and can be produced tty fewer strings. 
A stretched string, like other sources of sound, never vibrates ex¬ 
clusively as a whole, but makes at the same time partial vibrations ; 

. and thus the fundamcnml note never occurs alone, but is accom¬ 
panied by overtones (194), which, however, are usually too feeble 
to be perceived by the ear without some device for strengthening 
them. 

In piano the vibrations of the strings are produced by the 
stroke of the hammer, '^hich is moved by a series of bent levers 
communicating with the keys. The sound is strengthened by the 
vibrations of the air near the sounding-board on which the strings 
are stretched. Whenever a key is struck, a damper \s raised, which 
falls when the finger is removed from the key and stops the vibra¬ 
tions of the corresponding string. By means of a pedal all the 
dampers can be raised simultaneously, and the vibrations then last 
fimsome time. 

WThe harp is a sort of transition from the instruments with con- ^ 
stant to those with variable sounds. Its strings correspond to the 
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natural notes of the scale ; by means of t|;»e pedals the lengths of 
the vibrating parts can be changed, so as to produce sharps and 
flats. The Fipund is strengthened by the sounding-box, and by the 
vibrations of all the strings harmonic with those played. 

In the violin and guitar^ each string can give a great number 
of sounds according to the length of the vibrating part, which is 
determined by the pressure of the fingers of the left hand while the 
right hand plays the bow or the strings themselves. In both these 
instruments the vibratlbns are communicated to the upper face of 
the sounding-box by means of the bridge over which the strings 
pass. These vibrations are communicated from the upper to the 
lower face of the box, either by the sides or by an intermediate 
piece called the sound-post The air in the interior is set in vibra¬ 
tion by both faces, and the strengthening of the sound is produced 
by all these simultaneous vibrations. The value of the instrument 
consists in the perfection with which all possible sounds are inten- 

• sificd, which depends essentially on the quality of the wood and 
the relative arrangement of the parts. 

Instruments of the class of the violin are very difficult to play, 
and require a delicate ear ; but in the hands of skilful artists they 
produce marvellous effects. They are the very soul of an orchestra, 
and the most beautiful pieces of music have been composed for them. 

The Aiolian hanp consists of a sounding-box three feet in length 
by five in width%ind three in height. On this are two bridges, over 
which are stretched, though not too tightly, six or eight violin 
strings tuned in unison. The instrument is placed towards evening 
in a window opened at the bottom, so as just to admit it. The 
strings are set in vibration by gentle motion of the air ; they 
divide into different numbers of equal parts, giving rise to various 
harmonics which combine to produce a most pleasing sound. 

A similar phenomenon is often met with in telegraph wires ; 
during strong winds the telegraph posts act in this case as sounding- 
boards. 

199. Longitudinal vibrations of strings and rods.—When a 
violin-bow is passed over the string of the sonometer at a Very acute 
angle, an unpleasant but powerful tone is heard. If the tension 
of Jthe string be altered, there is no change in the note. If the 
string be touched in the middle, it yields the octave when the 

* bow is passed over if. These tones are produced by longitudinal 
.vibrations ; their pitch varies inversely as the length of the string, 

but is independent of the thickness and tension. -In like manner, 

(3 



Fig. 200. Fig. 201. 

of varying pitch is thus produced,-which in the hands of a skilful 
artist is far from unpleasing. 

Another instrument of this kind is the harmonicon. This con- 
sists of plates of glass or of brass, of the same breadth and thickness, 
bqi^f different lengths (fig. 201). They are fastened on two narrow 
ribbons, stretched in a converging direction on a suitable support, 
which is sometimes provided with a sound-board. If any of these 
plates is struck with a small padded wooden hammer, it givers a 
tone which is higher the shorter the plate. 

An instrument of this kind, with steel plates, is played by 
Papageno in the * Zauberfldte.’ If the strips of glass are replaced 
by strips of wood laid upon plaits of straw, we have what is known 
as the straw fiddle. 
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A similar arrangement of a number of pieces of flint of suitable 
sizes gives beautiful sounds when struck, and is known as the 
'geological />i(mo. 

^ The tuniuji-fork, the triangle^ and musical boxes are examples 
of the trAnsverse vibration of rods. In musical boxes small plates 
of steel of different dimensions are fixed on a rod like the teeth of a 
comb. A cylinder whose axis is parallel to this rod, and whose surface 
is studded with steel teeth arranged in a certain order, is placed near 
the plates, liy means of a clockwork motion the cylinder rotates, and 
the teeth, striking the steel plates, set them in vibration, producing a 
tune, which depends on the arrangement of the teeth on the cylinder. 

200. Chladni’s figures.—The vibra¬ 
tion of plates may be well illustrated by 
what are known as ChladnPs Figuresk. 

A metal plate is clamped, as represcnied 
m fig. 203 , and a violin-bow is passed 
.smartly along the edge. In this way 
higher or lower notes are produced 
corresponding to different periods of 
vibration of the plate. These v ibrations 
are made apparent if the plate has been 
previously strewn with sand ; the plate 
divides itself into yibratory segments, 
in which the vibration is at a maximum, 
sep.irated from each other by nodal 
lines or plates of no vibration. The 
sand dances off these segments and 
gradually settles on the lines, and thus forms beautiful and cha¬ 
racteristic figures. These vibrating parts are of less extent, and 
therefore the nodal lines more numerous, the higher the tones. 

, Their arrangement, and therewith the nature of the tones, depends, 
with one and the same plate, on the manner in which it is sounded 
by the bow, and also on the way in which it is damped. If a par¬ 
ticular point of the plate is damped, a nodal line is produced 
passing thtough the given point, and, at the same time that a 
special system of nodal lines is formed, a new note results from 
the vibration. Figures 203 to 206 represent the figures produced 
wh5n the plate is stroked with a bow in the part denoted by the 
letter b, while at the same time the plate is damped by the finger 
being held at a. If the plate is damped elsewhere than in the 
centre, other and more complicated figures are produced. 
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When bells vibrate .they divide into an even number of seg¬ 
ments separated by nodal lines. This is very easily illustrated by 

Fig. 203. Fig. 204. * 



Fig. 205. Fie. 206. 


means of a glass goblet, A (fig. 207), containing water or, still 
better, alcohol, which is excited by a bow ; the ventral segments 

are seen in the ripples on the 
surface, a and with a strong 
vibration by minute droplets 
- thrown in all directions, which 

roll on the surface of the agi- 
tated liquid without mixing 
lines g h and c d 
represent the nodal lines. 

The position of the nodes in 
a vibrating bell may also be 
seen in the experiment ir fig, 

., > Fig. 207. 1 78 : by applying the ball, td 
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various parts of the rim, certain positions, will be found where 
it is not thrown off these are the nodes. 
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CHAPTER IV 

ORGAN-PIPES AND WIND INSTRUMENTS 

201. Production of sound in pipes.—Sound-pipes are hollow 
pipes or tubes in which sounds arc produced by making the 
enclosed column of air vibrate. In the cases hitherto considered 
the sound results from the vibration of solid bodies, and the air 
only serves as a vehicle for transmitting them. In wind instru¬ 
ments, on the contrary, when the sides of the tube are of adequate 
thickness, the enclosed column of air is the sounding body, and 
the pitch and intensity depend on the dimensions of this column. 
In fact, the substance of the tubes is without influence on the 
primary tone; with equal dimensions it is the same whether the 
tubes are of glass, of wood, or of metal. It may even be of such 
an inelastic metal as lead. These different materials do no more 
than give rise to different harmonics, and impart a different timbre 
(185) to the compound tone produced. 

• If tubes were simply blown into, there could be no sound ; there 
would merely be a continuous progressive motion of the air. To 
produce a sound a rapid succession of condensations and rarefac¬ 
tions must by some means or other be set up, which are then 
transmitted to the whole column of air in the tube. Hence the 
necessity of having a motithpiece —that is, the end by which air 
' enters—so shaped that the air may be made to enter in an inter¬ 
mittent, and not a continuous, manner. From the arrangement 
made use of to set the enclosed air in vibration, wind instruments 
are divided into mouth instruments and reed instruments.^ 

202. Mouth instruments.—In mouth instruments all parts of 
the mouthpiece are fixed. The pipes are either of wood or of 
metal, rectangular or cylindrical, and are always long as compared 
jvith*the diameter. Fig. 208 represents a wooden rectangular 
organ-pipe; fig. 209 gives a longitudinal section, by which the 
internal details are seen. The lower part, P, by which air enters, 
is called the foot ; the air emerges through $ narrow slit, f, close 



230 


On Sound 


[202- 

to which, in front of the pipe, is a transverse aperture called the 
mmth ; a and b arc the the upper one of which is bevelled. 

The current of air, arriving by the narrow slit, strikes against 
the upper lip, is compressed, and, by its elasticity, reacts upon the 
current, and stops it. This, however, only lasts for an instant, for 
as the air escapes at a by the current from the foot continues, and so 
on for the whole time. 



Fig. 308. Fig. 209. Fig, 210. Fig. 211. Fig. 212. 

In thj|^ way pulsations are produced, which, transmitted to the 
air in the pipe, make it vibrate, and a sound is the result. In order 
that a pure note may be produced, there must be a certain relation 
between the form of the lips and the magnitude of the mouthpiece ; 
the tube also ought to have a considerable length in comparisoa 
with its diameter. The number of vibrations depends in general 
on the dimensions of the pipe and the velocity of the current of air: 

The mouthpiece we have described is used in organs. Fig. 210 
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represents another modification much in use in organ-playing, and 
/ig. 211 gives a longitudinal section. The letters indicate the same 
parts as in fiif. 209. Fig. 212 shows the mouthpiece of a flageolet 
and whittle. In the German flute the mouthpiece consists of a small 
lateral round aperture in the pipe. By means of his lips the player 
causes the current of air to graze against the edge of this aperture. 



Fig. 214. {'ig. 2x6. 


k steam whistle (fig. 213) is really only a mouthpiece formed of 
a««ircular slit, a «, above which is placed the sharp edge, b of the 
b^ll, T. 

203. Reed instruments.—In reed instruments the air is set in 
vibration by means of elastic tongues or plates, which are called 
reeds^ and which are divided into free reeds and beating reeds. 
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Beating reed .—This .consists of a piece of wood or metal, a 
(fig. 215), which is grooved like a spoon. It is fixed to a kind of 
stopper, K, perforated by a hole, which connects Ihf^ cavity with 
a long pipe, T. The groove is covered by a brass plate, /, which 
is called the tongue. In its ordinary position it is slightly away 
from the edges of the groove, but, being very flexible, readily 
approaches and closes it. Lastly, a curved wire, b r, presses against 
the tongue, and can be moved up and down. The vibrating part 
of the tongue can thereby be shortened or lengthened at will, and 
the number of vibrations thus regulated. By means of this wire 
regd pipes are tuned. 

The reed is fitted to the top of a rectangular pipe K N, called 
the wind-channel. This is closed everywhere, except at the bottom, 
where it can be fitted on a bellows. In models of reed pipes used 
in illustrating lectures, the sides of the upper part of the tube are 
made of glass, so as to show the construction of the reed. This 
arrangement is represented in fig. 214. 

When air arrives in the wind-channel, it first passes between 
the tongue and the groove, and escapes by the pipe T ; but, as 
the velocity increases, the tongue strikes against the edge of the 
. groove, and, closing it completely, the current is stopped. But, in 
virtue of its elasticity, the tongue reverts to its original position, 
and thus, by a series of alternate openings and'closings, the same 
series of pulsations is produced as in mouth instruhients ; hence is 
formed a sound which is higher the more rapid the current of air. 

Free reed ,—This is a kind of reed so called because the tongue, 
instead of striking against the edges of the groove, like the reed 
described above, grazes them so as to oscillate backwards and 
forwards. The groove consists, in this case, of a small wooden 
box, i?, fig. 216, the front of which is of brass plate. In the middle of 



Fig. 217. 


this is a Idngitudinal slit, in which is applied the tongue, which can 
oscillate freely backwards and forwards so as to allow air to pass, 
and closes the slit each time it grazes its edges. In this case a|.so 
a wire, b /, regulates the length of the vibrating part of the tongue. 

A reed can be very simply made from a piece of straw. About 
an inch from a knot an incision is made at r (fig. 217), with a 
sharp penknife, about a quarter as deep as the diameter of the 
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straw ; and then, by laying the knife flat, jthe straw is slit as far as 
,the knot; the strip, r r, thus produced forms a reed joined with the 
pipe, j r. T^e note of this pipe depends on the length of the tube 
•j r, andjs higher the shorter the tube is made. In order to sound 
the pipe, the whole length of the reed is placed in the mouth, and 
the lips firmly closed. 

204. Bellows.—In acoustics a bellows is an apparatus by which 
wind instruments, such as the syren and organ-pipes, are worked. 



Fig. 218. 

Between the four legs of a table there is a pair of belloVs, S (fig. 
218), which is worked by means of a pedal, P. R is a reservoir of 
fl^ible leather, in which is stored the air forced in by the bellows. 
If this reservoir is pressed by means of weights on a rod, T, moved 
by the hand, the air is driven through a pipe, A, into a wind-chesty 
, m n, fixed on the table. In this chest there are small holes closed 
by leather valves, s (fig. 219). These can be opened by pressing 
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on keys, in front of the box. Below the valve is a spring, r, 
which raises the valve when the key is not depressed. The sound 
pipe is placed in one of these holes. i 

205. Nodes and loops.—Experiment shows that when, a pipe 
is sounded, the air particles in it are set in longitudinal vibration, 
and stationary waves are formed. In the case of an open pipe 
sounding its lowest or fundamental note, the amplitude of the 

vibrations is least at the middle and a maximum 
at the two ends. The middle point is called a 
node, and the ends arc the middle points of 
loops or ventral segments, the length of the 
pipe being half the length of a wave. If the 
pipe is sounding an harmonic of the fundamental, 
there may be several ventral segments separated 
by nodes, but the ends are always the middle 
points of ventral segments. In the case of a 
pipe closed at one end, a stopped pipe, the 
closed end is always a node, and the open end 
the middle of a ventral segment. 

When an aperture is opened in the side of a 
sounding pipe, the sound does not change if 
the aperture is made in the middle of a loop ; 
but if it corresponds to a ftode, the sound is 
altered, for this node then becomes a loop. 
This property is used in wind instruments like 
the flute, or the clarionet, along which holes 
are made which can be closed by the fingers, or 
by the aid of keys. 

There are many experiments by which the 
existence of nodes and loops in a sounding 
pipe may be shown. 

If a fine membrane is stretched over a paste¬ 
board ring, and has sprinkled on it some fine 
sand, it can be gradually let down a tube, as 
shown in fig. 220. Now, suppose the tube to be 
producing a musical note. As the membrane 
descends, it will be set in vibration by the vibrating air. But 
when it reaches a node it will cease to vibrate, for there the ait is 
at rest. Consequently, the grains of sand, too, will be at rest, and 
their quiescence will indicate the position of the node. On {he 
when the membrane reaches the middle of a loop— 
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that is, a point where the amplitude of*the vibrations of the air 
• attains a maximum—-it will be violently agitated, as will be shown 
by the agitailion of the grains of sand. And thus the positions of 
' the loops can be rendered manifest. 

The formation of nodes and loops in a sounding pipe may also 
be shown by what are known as Kundt’s dust figures. A simple 
modification of the experiment by Mayer is the following. A 
portion of a child’s wooden whistle (fig. 221) is cut off just behind 



Fig. 2?i. 


the first finger-hole, and cemented into a glass tube about three 
times its length. This tube is closed at the end with a cork and 
contains a quantity of powdered silica, or of very finely sifted sand* 
When the pipe is sounded by blowing into it, the dust is set in 
vibration, forming a series of nodes and loops ; the powder remains 
quiescent at the nodes, but accumulating on the ventral segments 
increases towards the centre. 

206. Vibration^of air in pipes.—The vibrations of air in pipes 
present two cs^es according as the pipes are epen or stopped. 

Stopped pipes. —When, having placed a stopped pipe on the 
bellows, air is slowly passed, the fundamental note of the pipe is 
produced. If, then, we denote by 1 the corresponding number of 
vibrations, when the current of air is forced we suddenly get then 
sound corresponding to 3 ; and if the wind be still more forced we 
have successively the sounds 5, 7, etc. : that is to say, sounds 
which by their pitch correspond to vibrations, 3, 5, 7, etc. times as 
numerous as those of the fundamental sound. Hence whei^the 
air is forced stopped pipes give successively sounds represented by 
the series of odd numbers. 

With pipes of different lengths, the numbers of vilprations cor¬ 
responding to the fundamental note are inversely as the lengths ; 
that is to say, a pipe which is half as long as another will yield 
the octave of the first note. 

open pipes .—The fundamental note being still represented by 
unity, the harmonics obtained by forcing the wind are successively 
represented by 2, 3, 4, 5, 6, etc., that is, by the natural series of 
numbers. 
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The fundamental note, of an open pipe is always an octave 
higher than the fundamental note of a closed pipe of the sam^ 
length. e 

This may be shown by the apparatus represented in f\g. 222) 
which consists of an open pipe, provided with a sliding diaphragm 
of the same cross-section as that of the pipe. When the diaphragm 

is pushed in, the whole length of the pipe 
is open, but half of it is closed when the 
diaphragm is as represented in the figure. 
In the latter case we have the fundamental 
note of a closed pipe of length V N. 
When the dicaphragm is inserted we have 
the fundamental note of an open pipe of 
tw'ice the length, V V', and in both cases 
the sound is ihe same. 

207. Pitch pipe. -Instead of using bellows 
and oigan pipes of vaiious lengths, these 
laws may be conveniently dcmonstr.itcd by 
means of a pipe (fig. 223), which is 

a small sound-pipe w iih a movable graduated 
stopper. If, having dosed the pipe at its 
full length, v\c blow into it, wc get the funda¬ 
mental note of the stopped pipe, say c ; if 
now we blow into it more sfrongly, we get 
the note which is the major fifth of the 
higher octave of i ; and more strongly 
still, the note e'\ which is the major third 
of its second octave ; and so on for the 
others. 

In like manner, having just closed the 
pipe, if we push in the stopper until its 
liSfigth is one half and sound it, we get the 
higher octave of the fundamental note; by 
making it ^ its original length we get the 
fifth of the higher octave of c ; and so for any other aliquot 
part. 

By removing the stopper altogether we have an open pipe, and 
the note c' which it yields is the octave of the stopped one, arid 
this, sounded by increasingly powerful currents of air, gives the 
following series of notes, and so forth. 

2 o 8. Wind instruments.—Wind instruments are straight or 



Fig. 222. Fig. 223. 









































Musical Instruments 



237 


curved tubes, the air in which is set in vibration by suitable means. 
, They are divided into mouth instruments and reed instruments ; 
in some, sij|:h as the organ, the notes are . fixed^ and require 
•a separate pipe for each note; in others the notes are variable^ 
and are produced by only one tube; the flute, horn, etc., are of 
this class. 

The Pan’s pipes, the flageolet, and the German flute are mouth 
instruments. The principal reed instruments are the clarionet, the 
oboe, the cornopean,‘and the 
bassoon. 

The Pan's pipes (fig. 224) 
consist of tubes of different 
sizes corresponding to the dif¬ 
ferent notes of the gamut. 

In the on^an the pipes am 
ofvariouskinds- namely, mouth 
pipes, open and stopped, and 
reed pipes with apertures of 
various shapes. The air is 
furnished by means of bellows, from which it passes into the wind 
chest, and thence into any pipe which is desired ; this is effected, 
by means of valves which are opened by depressing keys like those 
of the piano. In •the larger and richer organs there are several 
rows of key-botrds arranged at different heights. 

In the jfiute the mouthpiece consists of a simple lateral circular 
aperture ; the current of air is directed by means of the lips so 
that it grazes the edge of the aperture. The 
holes at different distances are closed either by 
the fingers or by keys ; when one of the holes 
is opened, a loop is produced in the correspond¬ 
ing layer of air, which modifies the distribution 
of nodes and loops in the interior, and thus 
alters the note. The whistling of a key is 
similarly produced. 

Mouth instruments .—In the trumpet, the 
horn, the trombone, cornet-k-piston, and ophi- 
clpide the lips form the reed, and vibrate in the 
nfouthpiece (fig. 225), which terminates in a 
smaller tube bv which it can be affixed to the 

. I# • 

instrument In the hom.^ different notes are 
produced by altering the tension of the lips. In the trombone.^ 



Fig. 225. 
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one part of the tube slides within the other, and the performer 
can alter at will the‘length of the tube, and thus produce higher or 
lower notes. In the comet-^-piston, the tube forms several con¬ 
volutions ; pistons placed at different distances can, ^'hen played, 
cut off^mmunication with other parts of the tube, and thus alter 
the length of the vibrating column of air. 

209. The human voice.—If we bevel off the ends of a piece 
of wooden tubing, so that two summits aie left, and if now two 
pieces of thin vulcanised indiarubber or leather be stretched and 
tied between them so as to leave a narrow slit, we have a sort of 
' membranous reed pipe (fig. 226). For if we blow into the tube we 
geP*Sr note 'which is higher the tighter the lips are stretched ; and 
the vibrations of the lips which form the slit can be distinctly seen. 

This, which is in effect an artificial larynx, well illustrates the 
manner in which the sound of the ,1;iuman voice is produced. 




Fig. 226. 


Fig. 227. 


The trachea or windpipe is a tube which terminates .at one end 
in the lungs, and at the other in the larynx^ whiih is the true organ 
of vocal sound. Fig. 227 represents a horizontal section of this 
organ. It consists of^a number of cartilaginous structures, b 
which are connected by various muscles, by which great variety 
and control in the motions are attainable. These muscles arc 
connected "with, and move, two elastic membranes or bands with 
broad bases fixed to the larynx, and with sharp edges c c ; these 
are called the vocal cords. According to the pressure of the 
muscles these cords are more or less tightly stretched, and the 
space between them, the vocalslit^ is narrower or wader accordingly. 
In ordinary breathing, air passes through the triangular aperture 
0 ; but when this is contracted inf singing, the vocal cords are 
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stretched, and put in vibration by the current of air, and pro¬ 
duce tones which are higher the more tightly the? cords are stretched 
*ahd the narj;ower is the vocal slit. These vibrations are com- 
jnunicated to' the air in the larynx, and in the cavity of the mouth. 
The changes can be effected with surprising rapidity, so^^at in 
this respect the human voice far surpasses an3dhing that can be 
made artificially. 

The notes produced by men are deeper than those of women 
or boys, because in thefh the larynx is longer and the vocal cords 
larger and thicker; hence, though equally elastic, they vibrate 
less swiftly. The vocal cords are 18 millimetres long in men, and 
13 millimetres long in women. Chest notes are due to the fafct that' 
the whole membrane vibrates, while the falsetto is produced by a 
vibration of the extreme edges only. The ordinary compass of the 
individual voice is within two ocVives, though this is exceeded by 
some celebrated singers. 

• The essential sonorous part of the human voice depends 
upon the vowels. The form and cavity of the mouth can be greatly 
modified by the extent to which it is opened, by the altered position 
of the tongue, and so forth. It thus forms a resonator which can 
be quickly and completely controlled. When the mouth is adjusted ^ 
so as to jiroduce the broad A, as in father^ it has then a sort of' 
funnel shape, with •the wide part outward ; for O, as in more.^ the 
effect is like that of a bottle with a wide neck; and for U, as in 
paor.^ it is that of a similar bottle with a narrow neck. For the 
other vowels, such as A, E, and I, the effect is as if the bottle were 
prolonged by a tube, formed by contracting the tongue against the 
palate. 

If now, while the mouth is adjusted for the position in which it 
could utter the vowel U, different vibrating tuning-forks are suc¬ 
cessively held in front of it, only that emitting the note / will be 
found to be reinforced by the enclosed column of air vibrating-in 
unison with it. This is accordingly the characteristic note of that 
vowel; in like manner, b* is the note for O, and b" that for A. 
The other vowel sounds, such as I, have a higher And lower 
characteristic note; thus those of A, as in day., are d and of I, 
/ ^d d''. In most cases, however, the deeper notes have but little 
influence. The consonants are sounds which, formed by the lips, 

’ tongue, and teeth, accompany the vowels at their commencement 
, and cessation. 

The sdunds by which the consonants are produced are much 
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less strong than the vc^wel sounds. They are thus inaudible at 
distances at whirli the vowel sounds can be distinctly heard^ 
Hence, in speaking with people hard of hearing, it i^by no means 
necessary to speak louder, but it is sufficient to accentuate^the con* 
sonants. Indeed, distinctness of speech does not depend on loud 
screaming, but is produced by careful articulation. 

210. The Ear.—The organ of hearing in man consists of several 
structures ; the outer ear, A (fig. 228), by which the sound is col¬ 
lected and transmitted through the auditor^passage^ B, to the drum 
or fympamiui, C. Tins is a delicate tightly stretched membrane 
or skin separating the outer ear from the middle ear or tympanic 



Fig. 228. 


cavity. This is a cavity in the temporal bone in which are several 
small bones whose dimensions are considerably exaggerated in the 
figure. One of these, the hammer^ M, is attached at one end to the 
drum^ and at the other is jointed to the anvil^ E ; the latter is con¬ 
nected by means of a small lens-shaped bone, L, to the stirrup bone^ 
K (fig. 229), and therewith to the <yval window^ an aperture closed 
by a fine membrane which separates the tympanic cavity ffom. 
the labyrinth. The tympanic cavity is also connected by the 
Eustachian tube with the cavity of the mouth, so chat the air in it* 
is always under the same pressure. 
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The labyrinth is a complicated structure filled with fluid ; it is 
entirely of bone, with the exception of the oval window already 
mentioned ai^l the round luindow. The labyrinth consists of 
three pap*s : the vestibule^ which is closed by the oval window ; the 
three semicircular canals, G ; and the spiral-shaped cochlea or snail 
shell, H, fig. 228, shown in section in fig. 230. This is divided 
throughout its entire length by a diaphragm partly of bony projec¬ 
tion and partly of membrane ; the upper part of this division is con¬ 



nected with the vestibule, and therefore w ith the oval window, while 
the lower part is connected with the round window. In the laby¬ 
rinthine fluid of this part the termination of the auditory nerve is 
spread, the other en* leading to the brain. 

^ The drum of rtie ear may be injuicd without the sense of hearing 
^being lost, but if the labyrinth is injured, or if the auditory nerve 
ceases to act, deafness is produced. 

The membranous part of this diaphragm is lined with about 
3,000 extremely minute fibres, which are the terminations of the 
acoustic nerve. Each of these, which are called CortPs fibres^ 
seems to be tuned for a particular note as if it nere a small 
resonator (194). Thus when the vibrations of any particular note 
reach these fibres, through the Intervention of the stirrup bone and 
the fluid of the labyrinth, one fibre or set of fibres only vibrates 
in unison with this note, and is deaf to all others. Hence each 
simple note causes one fibre only to vibrate, while compound notes 
cause several; just as when we sing near a piano with the dampers 
raisc^ from the strings, only those strings arc set in vibration 
which correspond to the fundamental notes sung and their har- 
inonics. Thus, however complex external sounds may be, these 
microscopic fibres can analyse them and reveal the constituents of 
which they are formed. 
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ON HEAT 


CHAPTER I 

GENERAL EFFECT OF HEAT. THERMOMETERS 

211. Heat. Hypothesis as to its nature.—The sensations of 
heat and cold are familiar to all of us. In ordinary language the 
term heat is used not only to express a particular sensation, but 
' also to describe that particular state or condition of matter which 
produces this sensation. Besides producing #this sensation, heat 
acts variously upon bodies ; it melts ice, boils water, makes metals- 
red-hot, decomposes chemical compounds, and so forth. 

On the modern view the heat of a body is caused by an oscil¬ 
lating or vibratory motion of its material particles, and the hottest 
bodies are those in which the vibrations have the greatest frequency 
and the greatest amplitude. Hence, on this view, heat is not a 
substamSy but a condition of matter^ and a condition which can be 
transforred from one bodjsrto another. It is also assumed that 
there is an imponderable elastic ether, which pervades all bodies, 
the densest or the most transparent solids or liquids, the most 
attenuated gases as well as the stellar spaces, and which is capable 
of transmitting a vibratory motion with great velocity. It is by 
the rapid vibratory motion of this ether that heat is transferred 
from one body or place to another, just as sound is transmitted 
by a vibratory motion of atmospheric air. • 

This hypothesis is now admitted as affording a better explana- 
of the phenomena of heat than any other theory, and it reveals 
ati intimate connection between heat, light, and electricity. In 



243 


- 212 ] General Effects of Heat 

accordance with it, heat is a form of mer ^; and it can be shown 
that heat may be converted into the energy of motion, and, con¬ 
versely, that lliotion may be converted into heat. 

Altheugh the undulatory theory of heat is the one which best 
explains and accounts for the greatest number of facts, yet it may 
be sometimes convenient to use language which is based on older 
hypotheses. Thus, in speaking of a body becoming heated or 
cooled, we say that it gi^ns or loses heat; in reality, the vibratory 
motion of the particles is increased or diminished. 

In what follows, however, the phenomena of heat will, as far as 
possible, be considered independently of any hypothesis:'"*"* 

212. General effects of heat —The general effects of heat upon 
bodies are to increase the velocity of the vibratory motion of their 
molecules, and accordingly to lessen molecular attraction (5). 
Under its influence, therefore, bodies tend to cxpand--\kLZX is, to 
assume a greater volume. 

All bodies expand by the action of heat. As a general rule,* 
gases are the most expansible, then liquids, and lastly solids. The 
expansion of bodies by heat is thus a new general property to be 
added to those already studied (8). 

The action of heat upor bodies is not merely to expand them ; f 
when gradually heated, bodies first lose their solidity and become 
somewhat softer ^ then, as the heat still increases, the forces holding 
the particles change their character, and the bodies liquefy. Wax, 

• resin, sulphur thus pass readily from the solid to the liquid state; 
heat, therefore, produces in solids a change of state of aggregation. 
But in liquids it also produces a similar change. When liquids are 
heated they first expand ; heated still more, their molecular attrac¬ 
tion is overcome, find the liquids are changed into aeriform fluids 
called vapours. 

If, instead of becoming accumulated in bodies, heat is given 
out—that is, if bodies arc cooled instead of being heated—the „ 
opposite phenomena are produced : the molecules come nearer 
each other, the volume of the pores diminishes, and with«l that of 
the Ijody: which is expressed by saying that the body contracts* 
By cooling, vapours, losing their elastic force, revert to the liquid 
stattf; and liquids themselves, by the same process, gradually 
return to the solid state. Thus water changes into ice, and mer¬ 
cury becomes as hard as lead. » 

* Hence, as heat increases in, or is lost by, bodies, two physical 
effects may be produced: 1. Changes in volume, consisting*in 
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expansions and contiaClions 2 Changes of condition—that is, 
the change of solids into liquids, of liquids into vapours, and. 
conversely We shill fiist discuss the expansion embodies, and 
afterwards then chaiit,es of statt • 

213 Expansion All bodies are expanded by he it, but to veiy 
different extents Gases are the most expansible of substinces, 
sohds the least 

In solids,-whichhave definite figuies, we can either eonsidei the 
expansion in one dimension, or the linear expansion , in two diinen 
sions, the siiperjiual expansion or in three dimensions, the ail it al 
expap v.n ai the expinsion of volume, although one of these nevei 
takes place without the others As liquids and gases hive no 
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definite shapes, we can oqjy consider the alteiitions of volume 
which the> undergo 

To show the linear expan«!ion of solids, the ipp 11 atus r( pi esented 
in fig 23 < may be used A metal lod, A, is fixed it one end by i 
screw, B, while the othei end presses against the short urn, C, of 
a lever, D, the end of the long arm of which moves ovei a scale 
Below the lod, A there is a sort of cylindrical tiough m wl«eh 
spirit IS burned The needle, D, is at first at the zeio point, but,, 
as the rod becomes heated, the needle moves along the scale, 
which shows that the short arm, C, of the levei is slightly dis 
placed, pushed by the rod, A, as it expands 
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It will be obseiwcd that, if rods of different metals are used, the 
^ index will be moved to different extents, showing that their expan- 
’sibility differs. Thus it will be 
.found that brass is more expan¬ 
sible than iron or steel. 

The cubical expansion of 
solids may be shown by means 
of a Graifesandc's 4 ng. It con¬ 
sists of a brass ball, rtr*(fig. 232), 
which at the ordinary tempera¬ 
ture passes freely through a ring, 

;//, of almost the same diameter. 

IJut when the ball has been 
heated, it expands and no longer 
passes through the ring. It doas 
so, however, on reverting to its 
- original temperature. 

This experiment may be 
slightly varied by using a truncated copper cone, A, and a copper 
ring, C (fig. 233); at the ordinary temperature the ring stands at 
the mark a. When the cone alone is heated, it 
will be found that the ring stands at the mark a' \ 
while if the ring and not the cone is heated it 
^stands at a '; i# both arc simultaneously heated at 
the same temperature, it stands at the same mark 
as at first. 

The expansibility of liquids and gases, which is 
far greater than that of solids, is easily shown. For 
a liquid, a glass tube with a bulb at one end may 
be used (fig. 234), which is filled with some liquid, 
coloured alcohol for instance. When the bulb is gently heated, by 
placing it in tepid water for example, the column of liquid is sden 
to rise considerably in the tube ; thus from a to and the expan^ 
sion thus observed is far greater than in the case of solids. 

The same apparatus may be used for showing the'ej^ansion of 
gases. The bulb being filled with air, a small thread of mercury' 
is Introduced into the capillary tube to serve as index (fig. 235). 
When the globe is heated in the slightest degree, ^ven by ap- 
*proaching the hand, the expansion is so great that the index is 
^driven to the end of the tube, and is finally expelled. It is thus 
seen that gases are highly expansible. 



Fig. 233. 
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In these different escperiments the bodies contract on cooling, 
and when they have attained their former temperature they resume 

their original volume. Certai^ metals, how¬ 
ever, especially zinc, form an exception to 
this rule, as do also some kinds of glass. 

It will thus be seen that the general 
effect of heat upon bodies is to expand 
them. Yet this only applies to bodies which, 
like the metals, gl£&s, etc., do not absorb 
moisture. Bodies which absorb moisture, 
such as wood, paper, clay, undergo a con¬ 
traction when heated, owing to the heat 
expelling moisture from their pores. Thus 
a moist sheet of paper placed before the 
fire coils up on the heated side. Coopers, 
in order to curve the staves of barrels, heat 
them on one side, by lighting a fire on the • 
inside of the barrel when the staves are 
placed close together. The part turned 
towards the fire contracts in drying, and 
becomes concave on the side exposed to 
the direct action of heat. 




Fig. 234. Fig. 235. 




EA.SUREMENT OF TEMPERATURES. THERMOMETRY 


214. Temperature.—The temperature or hotness of a body may 

be defined as being the greater or less tendency which it has to 
impart sensible heat to other bodies. The temperature of any 
particular body is varied by adding to or withdrawing from the 
body a certain amount of sensible heat. The temperature of a body 
must not be confounded with the quantity of heat it possesses ; a 
bddy may have a high temperature and yet have a very small 
quantity of heat, and conversely, with a low temperature may possess 
a large amount of heat. 1 f a cup of water be taken from a bucketful, 
both will have the same temperature, yet the quantities of heat they 
possess will be very different. The subject of the quantity of heat 
will be afterwards more fully explained in the chapter on Speci^fic 
Heat. » 

215. Thermometers .—Thermometers are instruments fm mea-’’ 
suring temperature. Owing to the imperfections of our senses we^ 
are unable accurately to measure the temperature of a body by the 
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sensation of heat or cold which it produces in us, and hence recourse 
must be had to the physical effects of heat upon bodies. The most 
accurate anc^the most convenient are the effects of expansion. 
Solids, having but little expansibility, can only be used to examine 
large intervals of temperature ; gases, on the other hand, are very 
expansible, and only serve to measure small ones. They are, 
moreover, affected by changes of atmospheric pressure. For these 
reasons, liquids are best suited for the construction of ordinary 
thermometers. Mercuf^ and alcohol are 
in practice the only ones used—the former 
because its expansion is regular, and it 
only boils at a high temperature ; and the 
latter because it does not solidify until a 
very low temperature is reached. 

The mercurial thermometer is the one 
most extensively used. It consists of a 
‘Capillary glass tube, at the end of which 
is blown the bulb.^ a cylindrical or spherical 
reservoir (fig. 237). Both the bulb and 
apart of the stem are filled with mercury, 
and the expansion is measured by a scale 
graduated either on the stem itself (fig. 

240), or on a frame 4 o which it is attached 

“Cfig. 243). 

^ The filling of the tube with mercury 
may be effected by fusing to the tube a 
small funnel as shown in fig. 236. In 
this is placed a small quantity of mercury, 
and the bulb is then gently heated by a 
spirit lamp. The expanded air partially 
escapes by the funnel, and, on cooling, 
the air which remains contracts, and a 
portion of the mercury passes into the 
bulb. The bulb is then again warmed, “37 

and allowed to cool, a fresh quantity of mercury enters, and so on, 
until the bulb and part of the tube are full of mercury. The mer¬ 
cury is then heated to boiling ; the mercurial vapour in escaping 
carries with it the air and moisture which remain in the tube. The 
tube, being thus full of the expanded mercury and of mercurial 
yapour, is hermetically sealed at the end. When the thermometer 
is cold the mercury ought to fill the bulb and a portion of the stem. 


6 h 
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2j 6. Graduation of the thermometer.—The thermometer having 
been filled, as has just been described, the mercury rises or sinks^ 
in'the stem whenever the temperature rises or siijJ^, and these* 
variations furnish a means of measuring temperatures. .For the 
purpose of measuring these variations a graduated scale must be 
constructed along the stem. In graduating the scale two points 
must be taken, which represent definite fixed temperatures and 
which can always be easily produced. 


A 


ML. 



¥'ig. 238. 



Fig. 239. 


4 - * Experiment has shown that ice always melts at th^ame tem¬ 
perature !o whatever source of heat it is exposed (24£TOd that 
distilled water under the same pressure, and in a vd||^' of the 
same kind, always boils at the same temperature. Con'sequeptly, 
for the first fixed point the temperature of melting ice has been 
taken ; and, for the second fixed point, the temperature of boiling 
water in a metal vessel under the standard atmospheric pressure of 
30 inches (128). 
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This interval of temperature—that is, the range from the melt¬ 
ing point of ice to the boiling point of water—/s taken as the unit 
for comparin|^tempcratures ; just as a certain length, a foot or a 
yard for mstance, is used as a basis for comparing lengths. 

To obtain the lower fixed point, snow or pounded ice is placed 
in a vessel (fig. 238). The bulb and a part of the stem of the ther¬ 
mometer are immersed in this for about a quarter of an hour ; the 
mercury sinks, and the level at which it finally rests is marked by 
a scratching diamond. * 

The second fixed point is determined by means of the apparatus 
represented in fig. 239. It consists of a metal vessel containing 
distilled water which can be boiled by a Hunsen burner placed 
underneath. From it rises a tube B, open at the lop and sur¬ 
rounded by an outer cylinder C, through a cork in the top of which 
the thermometer passes. The^isteam rising in the inner tube 
descends between it and the outer and escapes by the lateral aper¬ 
ture r. The small tube r on the other side communicates with the 
inside of the vessel, and has attached to it a glass siphon mjinometer 
containing water or mercury. This ser\ es to inform the observer 
whether the pressure of the steam is the same as that of the outside 
atmosphere. Tlie steam is at the same temperature as the water 
from wliich it is liberated, and, when the mercury is stationary, a 
second mark is scratched upon the stem. 

217. Constrifttion of the scale.—^Just as the foot-rule which is 
adopted as the unit of comparison for length is divided into a 
^number of equal divisions called inches, for the purpose of having 
a smaller unit of comparison, so likewise the unit of temperatures, 
the range from the freezing to the boiling point of water, must be 
divided into a number of parts of equal capacity called degrees. 
There ai^three methods by which this is done. On the Continent 
and more especially in France, this space is divided into 100 parts,, 
zero corresponding to the melting point of ice and 100 degrees to 
the boiling point of water, and this division is called the Cenfigrti(ie 
or CV/j-/M|^qale ; the latter being the name of the inventor. The 
Centigifn^hermonieter is almost exclusively adopted m foreign 
scientf^T^Kbrks, and, as its use is gradually extending in this 
country, \i has been and will be adopted in this book. 

^'he degrees are designated by a small cipher placed a little 
above on the right of the number which marks the tempera- 
,ture. The graduation is continued above 100® and below zero, 
and to indicate temperatures below zero the minus sign is placed 



On Heat 


250 



before them. Thus - 15° signifies 15 degrees below zero. In accu¬ 
rate thermometers'the scale is marked on the stem itself (fig. 240). 
It cannot be displaced, and its length remains fixQ^, since glass 
has very little expansibility. This marking is efie^ied by coating 
the stem with a thin layer of wax, and then marking the divisions 
of the scale, as well as the corresponding numbers, with a steel 
point. The thermometer is then exposed for about ten 
minutes to the vapours of a substance called hydrofluoric 
acid^ which bites into the gl^s where the wax has been 
removed. The rest of the wax is then dissolved olf by 
means of turpentine, and the stem is found to be per¬ 
manently etched. 

Scales are also constructed on plates of ivory, wood, 
or metal, against which the stem is placed. Fig. 243 
represents this arrangenient. 

Besides the Centigrade scale, two others are fre¬ 
quently used —Fahrenheits scale and Riaumur^s scale. 

In Reaumur’s scale, which is used in Russia and in 
North Germany, the fixed points are the same as on 
the Centigrade scale, but the distance between them is 
divided into 80 degrees instead of into 100. That is to 
say, 80 degrees Rdaumur are equal to 100 degrees Centi¬ 
grade ; one degree Reaumur is equal to or ^ of a 
degree Centigrade, and one degree Centigrade equals 
or I degree Reaumur. Consequently to convert any 
number of Reaumur degrees into Centigrade degrees; 
(20 for example), it is merely necessary to multiply them 
by£ (which gives 25). Similarly, Centigrade degrees are 
converted into Reaumur’s by multiplying them by 
' The thermometer scale invented by Fahrenheit in 
1714 is still ;g|uch used in England, and also in Holland 
and North America. The higher point is, like that of 
the other scales, the temperature of boiling water, but 
the null-point or zero is the temperature obtained by 
hiixing equal weights of sal-ammoniac and snow, and 
Jig. 240. interval between the two points is divided into 212 
degrees. The zero was selected because the temperature was^the 
lowest then known, and was erroneously thought to represent .'the 
lowest attainable temperature. When Fahrenheit’s thermometer 
is placed -in melting ice it stands at 32 degrees ; and, therefore,^ 
100 degrees on the Centigrade scale are equal to 180 degrees on 










Alcohol Thermometer 


251 


-219] 


the Fahrenheit scale, and thus i degree ^Centigrade is equal to 
degiee Fahrenheit, and conversely i degree Fahrenheit is equal 
to'f of a degKe Centigrade 

V If It IS reqhired to convert a certain number of Fahrenheit 
degrees (95 for example) into Centigrade degrees, the number 32 
must be first subtracted, in oider that the degrees may count from 
the same point of the scale The remainder in the example is thus 
63, and as 1 degree Fahrenheit is equal to f of a degree Centigrade, 
63 degrees are equal to #3 x 1 or 35 degrees Centigrade 
X If F denote a ccitam temperature in Fahienheit’s degrees, C 
the corresponding temperature in Centigrade degrees, and R in 
Rdaumur degrees, wc may state any one of these in terms of either 
of the other two by the foimula 

F - 32 C R 

9 “ ,5 4 

218. Alcohol thermometer.— Ihc ahohol thermometer differs 
fiom the mere 111 ytheiniometcr in being filled with coloured alcohol. 
Rut as the expansion of liquids is less regular in proportion as they * 
are near the boiling point, alcohol which boils at 78° C , expands 
Acry iiicgulail) Hence, 
alcohol thci mometers are 
usually giaduated by 
placing them in baths 
ak d 1 ffei ent temperatures 
toj^ther with a standard 
*U|^urial thermometer, 
a® maikmg the coire 
spending temperatures 

The filling IS effected 
by gently heating the bulb 
so as to expel a ceitain 
quantity of air, then in 
veiling It Jind plunging 
the open end into c oloured 
alcohol ^ng" 241) The air 
inside contiacts on cooling, and the atmospheric piessure laiscs 
the .alcohol m the tube and in the bulb When sufficient liquid h.is 
bccn^intreduced the end of the tube is sealed, an being purposely 
Idft in to pi event breaks in the alcohol column 

219 Limits to the employment of mercury thermometers. Of 
all thermometeis in which liquids are used, the one with mercuiy 
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is the most useful, because this liquid expands most regularly, and 
is easily obtained pure, and because its expansion between - 36° 
and 100° is most nearly that is, proportion?^ to the change 

of temperature. It also has the advantage of haVing a very low 
specific heat (276). But for temperatures below —36° C. the 
alcohol thermometer must be used, since mercury solidifies at - 39° 
C. to a mass like lead. Mercury thermometers also cannot be 
used for temperatures above 350°, for this is the boiling point of 
mercury. 

Observatiom by means of the thermometer. In taking the tem¬ 
perature of a room, the thermometer is usually suspended against 
the wall. This may, however, give rise to an error of several de¬ 
grees ; for if the wall communicates with the outside, and especially 
if it has a northern aspect, i^ will, generally speaking, be colder 
than the air in the room, and <the thermometer will indicate too 
low a temperature. On the other hand, it may happen that the 
wall becomes too much heated by the sun’s rays, or by chimney 
flues, and then the thermometer will be too high. The only way 

to obtain with accuracy the 
temperature of the air in a room 
is to suspend the thermometer 
by a string in the centre at a 
distance from any object which 
might raise ior lower its tem¬ 
perature. 'rhe same re^||irk 
applies to the determinati(8is» ef 
the temperature of the atiVo-* 
sphere ; the thermometer must 
be suspended in the open air, 
in the shade ; and not against 
a wall. 

220. Differential thermo¬ 
meter.—Sir John Leslie con¬ 
structed a thermometer for 
showing the difference of 
temperature of two neighbour¬ 
ing places, from which i| has 
received the name of, the 
differential thermometer. 

A qaodified form’of it is that devised by Matthiessen (fig. 242), 
which has the advantage of being available for indicating the tern- 
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perature of liquids. It consists of a bent glass tube, each end of 
which is bent twice, and terminates in a bulb'; the bulbs being 
pendent can b^eadily immersed in vessels containing liquids. The 
bend contains some coloured liquid, and in a tube which connects 
the two limbs is a stopcock, by which the liquid in each limb is easily 
, brought to the same level. The whole is supported by a frame. 

When one of the bulbs is at a higher temperature than the 
other, the liquid in the stem is depressed and rises in the other 
stem. The instrument if now only used as a thermoscope; that is, 
to indicate a difference of temperature between the two bulbs, and 
not to measure its amount. 

^ 22T. Maximum and minimum thermometers.—It is necessary, 
in meteorological observations, to know the highest temperature of 
the day, and the lowest temperature of the night. Ordinary 
thermometers could only give these indications by a continuous 
observation, which would be impracticable. Several instruments 
have accordingly been invented for this purpose, the simplest of 
which is Rutherford’s. On a rectangular piece of plate glass 



Fig. 243. 


(fig. 243) two thermometers are fixed, the stems of which are hori¬ 
zontal, and are bent at right angles near the bulbs. The one, AJ 
is a mercury, and the other, Bj^ an alcohol, thermometer. In A 
there is a small piece of iron wire. A, which serves as an index, and 
moves freely in the tube. The thermometer being placed hori¬ 
zontally, when the temperature rises the mercury pushes the index 
befqje it. But as soon as the mercury contradK the index remains 
in tlAt part of the tube to which it has been moved, for there is no 
adhesion between the iron and the mercury. In this way the index 
registers the highest temperature which has been obtained ; in this 
figure this is 32°. In the minimum thermometer there is a very 
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minute hollow glass tube ihe Jjiqjiid column which serves as 

index. When it is at the end of the column of liquidj and the tem¬ 
perature falls, the column contracts and carries index with it 
until it has reached the greatest contraction. When the tempera¬ 
ture rises, the alcohol expands, and, passing between the sides of 
the tube and the index, does not displace B. The position of the 
index gives, therefore, the lowest temperature which has been 
reached: in the figure this is 5 degrees below zero. The instru¬ 
ment is set by holding the tubes vertical until the indexes A and B 
have fallen to the surfaces of their respective liquids. It will be 
obsetved that in each tube the index is in contact with the ionvex 
surface of the liquid. 

Sixis thermometer (fig. 244) is not only a maximum and 
minimum, but gives a double reading, and therefore corrects itself. 

It consists of a U-shaped gLiss tube with a 
bulb at each end. Mercury occupies the bend. 
The bulb a and the left-hand stem down to the 
mercury are filled with ale ohol, whit h also occ u- 
pies the right-hand stem above the meicury and 
a part of the bulb b. Alcohol vapour and air 
fill the remainder of b. In the alcohol in each 
stem is an iron index winch may be moved up 
and down by a magnet, and*is kept in position by 
a bit of horsehair attached to'^it. The exp^n'l- 
ing substance is the alcohol m a. When re 
temperature lises this expands and pushes'!...*» 
mercury down in the left, up in the right linn , 
and the index m front of it. When the tem¬ 
perature falls the alcohol in a contracts and the 
mercuiy follows it, pushing up the index in the 
lift limb towaids a. Breaks m the liquid 
column are prevented by the piessuie of the air 
etc. in b. The highest^and lowest temperatures 
reached since the instrument was set aie seen 
from the positions of the indexes in the right 
and left limbs respectively. 
yCOne of the most important of the useu of 
the thermometer is in observing the temjlfera- 
ture of the body. This, which is usually 98°*4 F., may vary within 
a degree or so even in perfectly healthy persons, but greater 
variations indicate some disturbance, and the thermometer has 
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become a most valuable criterion of the existence and course of 
diseases, more especijilly those of a febrile character. For deter¬ 
mining the ten^erature of the body a special kind of maximum 
thermometer is used. It is graduated in Fahrenheit degrees, and 
shows only those portions of the scale which have to be observed 
■ (fig. 245). Such thermometers are called clinical thermometers. 


as 1 100 " lOB 110^ 


Fig. 445. 


0 222. Pyrometers.—The name pyrometers is given to instruments 
for measuring temperatures so high that mercurial thermometers 
could not be used. None of the older contrivances for this pur¬ 
pose give an exact measure of tenf^erature, and the methods now 
used are based either on the expansion of gases or on alterations 
in the electric resistance of bodies, or on thermo-electricity (Book 
viii. ch. 13). 
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223. Radiant heat.—If we stand in front of a fire, or expose our¬ 
selves directly to the sun’s heat, we experience a sensation of warmth 
which is not due to the temperature of the air ; for if a screen he 
interposed, the sensation immediately disappears, which would not 
be the case if the surrounding air had a high temperature. Hence 
bodies can send out rays which excite heat, and which penetrate 
through the air without heating it, just as rays of light pass through 
•transparent bodies. Heat thus propagated is said to be radiated \ 
and we shall use the term ray of heat or ther mad or calorific ray, 
in a similar sense to that in which we shall afterwards use the term 
ray of light or luminous ray. 

The rays of heat are not warm of themselves any more than 
the rays of light are luminous ; they represent the direction in 
which heat is propagated, and only produce a hcJt^ting effect wh^n 
they fall upon a body and are absorbed by it. If they are tr^y- 
mitted they do not raise the temperature of a body. The up^jer 
layers of the atmosphere and the celestial spaces are no doubt 
a lower temperature than any known on the earth. 

If a stream of cold water be continuoaily passed through a 
hollow glass lens, on one side of which the sun’s rays fall, a piece 
of tinder placed in the focus on the other side is easily ignited. 

♦ We shall find that the property of radiating heat is not confined 
to incandescent substances, such as a fire or a lamp, or a red-hot 
^ball, but that bodies of all temperatures radiate heat. Thus a 
^bottle ful^ of hot water and a bottle full of cold water both emit 
^^at; the quantity emitted depending upon the difference between 
the radiating body and that of the surrounding space. 

^ 224. Laws of radiation.—The radiation of heat is governed by 
three laws. 


I. Radiation takes place in all directions from a body. If a 
rmometer be placed in different»positions round a heated body, 
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it indicates everywhere a rise in temperature; at equal distances 
from the source of heat it indicates the same rise in temperature. 

* II. Heat ^i^ropagatcd in right lines. For, if a screen be 
placed in^the i^ht line which joins the source of heat and the ther¬ 
mometer, so as to stop the rays, the latter is not affected. 

But in passing obliquely from one medium into another, as 
from air into glass, thermal, like luminous, rays become deviated, 
an effect known as refraction. The laws of this phenomenon are 
the same for heat as for fight, and they will be more fully discussed 
under the latter subject. 

III. Radiant heat Upropagated in a vacntim as well in air. 
This is directly demonstrated by the following experiment : — 

In the bottom of a glass flask a thermometer / is fused in such 
a manner that its bulb occupies the centre of the flask (fig. 246). 
The neck of the flask is ne\t carefully narrowed by 
means of the blowpipe, and then, the apparatus having 
been suitably attached to an an-pump, a vacuum is 
]jroduccd in the interior. This h.iving been done, the 
tube is scaled by the blowpipe at the nairow part. 

On immersing this apparatus in hot water, or on 
brirtging near it some h^t charcoal on a flame, the 
thermometei is at once seen to rise. This could only 
be due to radiation ♦hrough the vacuum in the inteiioi, 
fw^^iass is so bad a conductoi that the heat could not 
til^el with sufficient rapidity thiough the sides of the 
and the stem of the thermometer to produce the 
gltect observed. 

225. Causes which modify the intensity of radiant 
heat .—The intensity of radiant heat is proportional to the tempera^ 
ture of the source. 

The first law is demonstrated by ])lacing a metal box containing 
water at 10°, 20®, or 30°, successively at equal distances from the 
bulb of a differential thermometer. The temperatures indicated 
by the latter are then found to be in the same ratio as those of the 
box ; for instance, if the temperature of that correspondfng to the 
box at 10° be 2°, those of the others will be 4° and 6° respectively. 

d'he intemity of radiant heat at any point is inversely as the 
sjjumre of the distance of the point from the source. 

Let us imagine a hollow sphere ab (fig. 247) of any given radius, 
«and that at its centre there is a constant source of heat C. Each 
unit of surface of the inner face of the sphere w'ill receive a definite 

s * 
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quantity of heat. Now if the radius of the sphere is doubled and 
equal to cf^ it follows from a well-known geometrical theorem that 
the inner suiface is four times as great. But as Jy supposition, 

the source of heat remains constant, 
each unit of surface must now receive 
only one-fourth. 

It should be observed that this 
principle onl^ holds for heat rjiys 
diverging from a point ; for parallel 
rays the intensity is the same at all 
distances apart from absorption by the 
medium. 

226. Interchange of heat among 
all bodies.—Owing to the radiation 
which is continually taking place in 
all directions round a body, there is a continual interchange of 
heat. If the bodies are all at the same temperature, each one 
sends to the surrounding ones a quantity equal to tliat which it 
receives, and their temperatures remain stationary. But if their 
temperatures are unequal, since the hot bodies emit more heat 
than they receive, they therefoi e sink in temperature; w'hile, as 
the bodies of lower temperatures receive more heat than they emit, 
their temperature rises ; thus the temperaturfes are all ultimately 
equal. The radiation does not stop ; it goes on, but without 
or gain from each body, and this condition is accordingly kn^ n 
as the mobile equilibrium 0/ temperature. 

From what has been said it will be understood that bodic^, 
placed in our rooms, all tend to assume a uniform temperature; 
generally speaking this is not the case, for many causes concur in 
cooling one set, and in heating the others. Thus bodies, placed 
near a wrall, cooled by the outer air, find a cause for cooling. 
'I*hose, on the contraiy, which are at the top of the room tend to 
acquire a higher temperature ; for, as heated air rises, the layers 
nearest the ceiling arc always hotter than the lower ones. 

From this continual interchange of heat there is necessarily a 
limit to the cooling of bodies, for they always tend to resume on 
the one hand what they lose on the other. To have an indefinite 
cooling, a body should be suspended in space, not receiving heat 
from any body. As it would then lose heat without acquiring any, 
it must eventually reach the absolute zero of temperature, a con¬ 
dition in which its particles would have lost all their vibratory 
motion and have become absolutely motionless. 



-22?] 


Reflection of Heat 


259 


pH AFTER III 

REFLECTION OF HEAT. REFLECTING, ABSORBING, AND 

EMISSIVE POWERS 

227. Law of the reflection of heat.—When the rays emitted 
by a source of heat fall upon the surface of a body, they are 
divided generally into two parts : pne, which passing into the mass 
of a body is absorbed, and raises the temperature ; the other, 
which darts off from the surface like an elastic ball striking against 
a hard body; this is* expressed by saying that these rays are 
reflected. Thus let A be the source of heat, a cubical box filled 
with hot water (fig. 248), and near it a screen which does not allow 



Fig. 248 

• 

heat to pass, but near the bottom of which is an aperture. If 
behind this screen a polished surface, B, be placed, against which 
the rjfys from the cube strike, and beyond this again a differential 
th«rm*ometer, D, the latter indicates an increase of temperature 
when one of its bulbs is so placed that it receives the rays reflected 
by the polished body. In this experiment, rays like A B, which fall 
on the reflecting surface, are called rays, from a Latin word 
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which signifies ‘ to fall‘upon ;' and the angle of incidence is not the 
angle which the incident rays make with the reflecting surface, but 
the angle ABC which they make with a straigS^ine, B C, per¬ 
pendicular to this surfe.ce. In like manner the angle CBD, which 
the reflected rays make with the same straight line, is called the 
angle of reflection. 

The reflection of heat is always expressed by the law that the 
angle of reflection is equal to the angle of incidence. We shall sub¬ 
sequently see that the reflection of light follows the same law- 
228. Reflection of heat from concave mirrors.—The effects 
of the reflection of heat may be very powerful when it takes place 
from the surface of concave mirrors, which are spherical surface*' of 
glass or of metal. A group of rays, falling upon a concave mirror, 
converge after reflection to a single point, to which the name focus 





(from the Latin word for a hearth) is applied, to express the great 
quantity of heat ]^hich is concentrated there. 

In treating of light we shall describe in detail the properties of 
the focus of conca^'e mirrors ; for the present it will be sufficient to 
describe experiments which demonstrate the great intensity which 
radiantjlieat may acquire when concentrated in these points. Fig. 
249 represents an experiment which is frequently made in lectures 
on physics. Two reflectors, A and B, are arranged at a distance 
of 4 to 5 yards, so that their axes coincide. In the focus of one of 
them is' placed a small basket «, containing a red-hot iroii ball; 
in the focus of the other an inflammable body, such as gun¬ 
cotton, or phosphorus, m. The rays emitted from the focu5-r» 
are first reflected from the mirror A in a direction parallel to the 
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axis ; and, impinging on the other mirror, JB, are reflected so that 
they coincide in the focus m. That this is so* is proved by the 
fact that the Afemmable substance placed in this point takes fire, 
which is not th^case if it is above or below it. 

A similar but more powerful effect is produced when the con- 
fCave mirror is so placed that the sun’s rays strike directly against 
it; if then a combustible substance, such as paper, wood, cork, etc., 
be held by means of a pincette in the focus, these bodies are seen 
to take fire. The effecf produced depends on the magnitude of 
the mirror. With a mirror having an aperture of 6 feet—that is, 
the distance from one edge to the other—copper and silver are 
soon melted ; and silicious stones and flints have been softened 
and even melted. 

In consequence of the high temperatures produced in the foci ot 
concave mirrors and of the facility with which combustible bodies 
may be ignited there, they have been called burnim* mirrors, 
Bufifon constructed burning mirrors of a number of silvered plane 
mirrors, each about 8 inches long by 5 broad. They could be ’ 
turned independently of each other in such a manner that the 
rays reflected from each coincided in the same point. With 168 
sLiclf mirrors and a hot su.nmer’s sun Buffon ignited a plank or 
tarred wood at a distance of 70 yards. 

229. Reflecting power of various substances.—It has been 
seen that the heaf which falls upon a body is always divided into two 
parts—one which is reflected from the surface, and the other which 
paSses into the mass of the body, and raises its temperature. The 
quantities of heat thus absorbed, or reflected, vary in different sub* 
stances ; one set reflects much and absorbs little, which is ex¬ 
pressed by sav ing that they have a great reflecting power ; others, 
on the contrary, reflect very little heat, but absorb a great deal, 
and are therefoi e spoken of as having great absorbing power. It 
is clear that these properties are the inverse of each oiher, for any 
body which absorbs much heat can reflect but little, and conversely. 

In order to compare the reflecting powers of various substances, 
Leslie took as a source of heat a tin plate cube full of boiling water, 
which he placed in front of a concave mirror (fig. 250). The rays 
emitted from the cube and falling upon the reflector converged after 
reflection to the focus F. In front of and a short distance from 
this were placed successively small square plates of paper, glass, 
metal—in short, of all the substances whose reflecting powers were 
to be examined. After reflection from the mirror, the rays, as shojvn 
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in the drawing, weie reflected a second time from these plates, and 
finally impinged against the bulb of a diffeiential thermometer, 
which was shielded in such a way that only rays /?cflected fiom 
the small pi ite could reach it Now, m this expei^cnt the source 
of heat was the same, as was also the distance fi om the reflectoi , 
yet the thermometer gave very different indieations according to 
the mateiial of which +he small plates weie formed 1 he tempera 



Fi^ '» o 

ture was highest when the plate was made ot polished brass, 
which metal is theiefore the best reflector JThe reflecting power 
of siher is only thit of biass , that of tin*/^ , of glass ^ 
Water and lampblack were found to be destitute of reflecting 
powci, foi when the plates weie coated with lampblack, or 
moistened withwatei, the theimometer indicated no increase in 
temperature, showing that it had received no heat 

230 Absorbing power —In order to compaie the absorbing 
powers of various substances, Leslie arranged the experiment as 
shown in fig 251 >The source of heat and the reflector being the 
same as in the preteding experiment, the differential thermometer 
was placed in the focus, where it leceived directly all the heat 
reflected by the miiror The surface of the focal bulb was altered 
fcr each experiment by coating it successively with vaiious ma 
tcrials, paper, tinfoil, gold, silvei, coppei, and leadfoil, it was also 
coated with a thin layci of lampblack, it was moistened, aipi ''O 
on It was thus found that when the focal bulb was co itediWith 
lampblack, or with watei, the theimometei indicated the highest 
temperatures , whence it was concluded that lampblack and water 
have the greatest absorbing power The lowest temperature was 
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exhibited when the bulb was coated with thin metal foil, more 
especially with silver ; thus indicating that bright metallic surfaces 
are the least %bsorbent of the substances experimented on when 
the source is a%the temperature of boiling water (233). The result 
was arrived at, which could indeed be foreseen, that those bodies 
which best reflect heat absorb it least ; and that, conversely, the 
best absorbers are the worst reflectors. 



Fig. 351. 

231. Emissive power.—The emissive or radiating power is the 
property bodies hiiv^e of emitting more or less easily the heat they 
contain ; it is thg inverse of the absorbing power. 

Leslie compared the emissive powers of various bodies by means 
o£ the apparatus represented in fig. 251. The focal bulb of the 
thermometer was left uncoated, and the various substances were 
applied successively to the sides of the tin cube. One of them, for 
instance, was left in its ordinary condition ; the second was coated 
with lampblack ; to the third a sheet of white paper was fixed, and 
to the fourth a glass plate. 

Turning first of all the blackened face towards the reflector, the 
thermometer indicated a considerable increase of temperature, thus 
showing that the cube sent much heat towards the reflector. Turn¬ 
ing then successively the other faces towards the reflector, it was 
found that the paper side emitted less heart than the blackened 
face, but more than the glass side, which in turn emitted more 
tha^ the tin side. 

* Working in this manner, Leslie found that lampblack has the 
greatest emissive power, then paper, then ordinary glass, then the 
'metals. The order of their emissive powers is thus the same as 
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that of their absorbing powers. It is thus concluded that bodies 
which best absorb’heat also radiate best; and it has been proved 
that for each substance the emissive power is 'fequal to the 
absorbing power. ^ 

232. Causes which modify the reflecting, absorbing, and radi¬ 
ating powers.—As the radiating and absorbing powers are equal, 
any cause which affects the one affects the other also. And as the 
reflecting power varies in an inverse manner, whatever increases 
this diminishes the radiating and absorbing powers, and viic versa. 

It has been aheady stated that these different powei s vary with 
diffeicnt bodies, and that metals have the greatest reflecting power 
and lampbl.ick the feeblest. In the same body these powers arc 
modified by the degree of polish, the density, the thickness of me 
radiating substani e, the obliquity of the incident or emitted rays, 
and, lastly, by the nature of the s lurce of heat. 

The relation between the absorbing and ladiating powers is 
well illustrated by the following evpeiiment (fig. 252), which repre¬ 
sents what is in effect a differential thermometer (220) w ith polished 
metal canisteis, 13 and C, instead of glass bulbs. These aic con¬ 
nected by a g lass tube m w hich stands 
coloured liquid. Between them is a 
metal canister. A, which can be filled 
w ith hot w aler. The faces of B and of A 
w hich look to the right are coated w ith 
lampblack ; those of C and A which 
face the left aie bright and polishdd. 
Thus of two opposite faces one is 
black and the other bright; hence, 
when the cylinder A is filled wdth hot 
water, its white face radiates towards 
the black fac e of 13 , and its black face 
towards the white face of C, and the 
liquid in the stem does not move, 
showing that they aie at the same 
temperature. On the one hand the 
greater emissive power of the black 
face of A is compensated by the 
smaller absorptive power of the white 
face of C ; while on the other hand the feebler radiating power of 
the white face of A is balanced by the greater absorbing power 
of the black face of B. 
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If, however, the canister be turned round so that the two black 
or the two bright faces are opposite one another, the liquid at once 
moves. % 

The absortSIhg power varies with the inclination of the incident 
rays. It is greatest at right angles ; and it diminishes in propor¬ 
tion as the incident rays arc less perpendicular. This is one of 
the reasons why we receive more heat from the sun in summer 
than in winter ; because, in the former case, the sun’s rays are less 
oblique. * 

The radiating power of gaseous bodies in a state of combustion 
is feeble, as is seen by bringing the bulb of a thermometer near a 
hydrogen flame, or the flame of an ordinary Bunsen burner, the 
temperature of which is very high, but which is almost destitute of 
illuminating power. If a platinum spiral be placed in this flame, 
it assumes the temperature of the flame, and radiates a consider¬ 
able quantity of heat, as is indicated by the thermometer. For a 
similar reason the flames of oil and of gas lamps radiate more 
than a hydrogen flame in consequence of the carbon which they* 
contain, and which, not being entirely burned, becomes white-hot 
in the flame. 

An important application of this is made in the Auer- VVelsbach 
light. Over such a non-luminous burner as that of Bunsen, a 
delicate mantle or cap of certain rare earths is suspended. They 
have the property of resisting the high temperature of the flame 
without any appreciable loss by ^olatilisat^on, and of thus emitting 
a flight of daz/Iing brightness. It is slated that the luminosity 
thus obtained is six times as great as that produced by an equal 
volume of gas burned in an ordinaiy luminous burner. 

The absorbing power of a body is also influenced by the nature 
of the source of heat. Thus, for the same quantity of heat emitted, 
a surface coated with white lead absorbs twice as much, if the heat 
comes from a cube filled with hot water, as it does if the heal ’is 
that of a lamp. I.ampblack, on the contrary, under the same 
conditions, absorbs the same amount of heat whatever be the 
source. * 

C 333. Different kinds of heat. Diathermancy. —Just as different 
substances possess the power of allowing the rays of light to pass 
through them to different extents, and arc said to be more or less 
transparent (325), so also modern investigation has shown that all 
•bodies do not allow the rays of heat to traverse them with equal 
facility, and are therefore said to be more or less diaihef manems. 
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For instance, the metals are just as athermanous for heat rays as 
they are opaque foi the rays of light. On the other hand, rock salt 
stands in the same relation to heat rays that a pei featly colourless 
and transparent body, such as glass, does to lumiir'ius rays. It is 
perfectly diathermanous. 

One and the same substance may be diatheimanous to varying 
extents for heat from different sounes. Thus colourless glass 
allows the sun’s rays to pass through it with facility, but less so the 
heat emitted by a dame, or by an incande-ocont body, and far less, 
again, the invisible or obscure heat of a cube filled with boiling 
water, which is known as a LehU(?s tube (229). Watci allows the 
sun’s rays to traverse it partially, but stops the obscure heat. 
Again, alum is colourless and transparent for light, but almuat 
entirely athermanous for obscure rays. 

A body which is opaque for Jight may be diathermanous for 
certain kinds of heat. Thus, a solution of iodine in bisulphide of 
carbon is perfectly opaque for the rays of light, but is travel seel by 
•obscure heat-rays with facility. 

In investigating the diathermancy of bodies, Melloni used the 
thermopile and galvtinometer, for a description of which we must 
refer to Book VIII., Chapter xiii. He fiist of all placed the thermo¬ 
pile at a certain distance from a source of heat, and, having observed 
the deflection of the galvanometer, he deternvned to what extent 
this was enfeebled by interposing vaiious bodies, such as plates of 
glass, alum, and rock-salt. In like manner he used various sources 
of heat" for instance, the sun, an oil or spirit lamp, a red-hot spiral 
of platinum wire, a heated blackened metal plate, or a Leslie’s cube ; 
and he concluded that there are different kinds of heat-rays or 
different colours of heatj with regard to which various diathermanous 
substances behave Just as coloured transparent substances do m 
regard to differentikinds of light. Thus, when white light tniverses 
rad glass, only the red rays are transmitted, all other kinds being 
absorbed. If this red light falls on another red glass, it traverses it 
without being weakened, if we neglect the portion lost by reflec tion ; 
but it is completely absorbed by blue glass. Similar results are met 
with in regard to the rays of heat—for instance, heat which has 
passed through a glass plate would traverse another plate w itl;iout 
much loss, but would be almost completely stopped by a pla^e of 
alum. 

<^234. Applications.—The property which bodies possess of 
absorbing, emitting, and reflecting heat meets with numerous 
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applications in domestic economy and in the arts. Leslie stated 
that white bodies reflect heat very well, and absorb very little, and 
' ‘that the contrary is the case with black substances. This principle 
is not universally true, as Leslie supposed—^for example, white lead 
has as great an absorbing power for non-!uminous rays as lamp¬ 
black—but it holds good in regard to absorbents like cloth, cotton, 
wool, and other organic substances when exposed to luminous 
heat, such as that of the sun’s rays. Accordingly, the most suit¬ 
able coloured clothing*for summer is just that which experience 
has taught us to use—namely, white, for it absorbs less of the sun’s 
rays than black clothing, and hence feels cooler. 

The polished fire-irons before a fire are cool whilst the black 
fender is often unbearably hot. If a liquid is to be kept hot as 
long as possible, it must be placed in a brightly polished metal 
vessel, for then, the emissive power being less, the cooling is 
slower. For this reason it is advantageous that the steam-pipes, 
. etc., of locomotives should be kept brightly polished. 

Snow is a powerful reflector, and therefore neither absorbs nor 
emits much heat : owing to its small emissive power it protects 
from cold the ground and the plants which it covers ; and owing 
to jts small absoi'bing power it melts but slowly during a thaw. A 
branch of a tree, a bar of metal, a stone in the midst of a mass of 
snow, accelerate the fusion by the heat they absorb, which they 
radiate about th^sm. 

In the Alps the mountaineers accelerate the fusion of the snow 
Ijy covering it with earth, which increases the absorbing power. 

Metal and other cooking-vessels should be black and rough 
*on the outside, for then their absorbing power is greater and they 
become heated more rapidly. If their surface be bright and 
polished, a greater quantity of fuel is required to heat them ; this 
is what is seen in vessels of silver and of white porcelain. In 
common unglazed earthenware, liquids are more rapidly heated, 
but also more rapidly cooled. 

It is observed that grapes and other fruits ripen sooner when 
they are placed close to a black wall (mortar mixed wjth lamp¬ 
black). This arises from the fiict that from the great absorbing 
pojver of the wall, as well as from its great emissive power, it 
be<iomes more highly heated under the influence of the sun, and 
gives up more heat to the fruit. 

Glass is used for fire-screens ; for, while it allows the cheerful 
light of the fire to pass, it stops most of the heat from this source. 
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It is, however, very transparent for the heat of the sun, allowing 
almost all its light and heat to pass. 

In gardens, the use of glass shades and of greenhohses depends 
on the diathermancy of glass for heat from lumind^’s rays, and on 
its athermancy for obscure heat. The heat which radiates from 
the sun is mainly of the former class, and penetrates the glass ; but 
by its contact with the earth is changed into obscure heat, which as 
such cannot retraverse the glass. This explains the manner in 
which greenhouses accumulate heat, and a'iso the great warmth in 
summer of rooms with glass roofs. 

A mercury thermometer the bulb of which is blackened by being 
coated with lampblack will indicate a rise of temperature where 
an ordinary one is unaffected. If one of the bulbs of a differential 
thermometer be coated with lampblack and the other be left 
unaltered, and both be exposed to the same source of heat, the 
blackened one will show the higher temperature. 

A piece of bright tinfoil upon which the sun’s rays are brought 
{0 a focus by means of a lens will be fused with difficulty, or not at 
all; but if the surface is coated with lampblack, it will melt in the 
focus at once. 

A pencil of the sun’s rays, concentrated by a glass lens, arnd 
allowed to fall on the glass bulb of a differential thermometer, does 
not raise its temperature, for the rays which would be absorbed by 
the glass have already been cut off by the lens, and therefore the 
rays, thus sifted, pass through the bulb without action. 
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CHAPTER IV 

POWER OF I'.ODIHIS FOR ITKAT 

235. Conducting power of solids.—In the phenomena of 
radiation which have been considered, lieat is transmitted from 
one body to another through space, without raising the tempera¬ 
ture of the medium through whieh it passes. Heat may also be pro- • 
pagated through the mass of a body, from molecule to molecule. 
This internal propagation in the mass of a body is due to the conduc¬ 
tivity^ or conducting fioiuer; and good conductors are those bodies 
which readily transmit heat in their 
mass, while those through which it 
prl!^ses with difficulty are called heui 
conductors. 

In order to compare the con¬ 
ducting power* or conductivity of 
different solids, Ingenhaus con¬ 
structed the apparatus, known still 
, by his name, and represented in 
fig. 253. It is a metal trough, 
in which, by means of tubulures and corks, are fixed rods of the same 
dimensions, but of different materials—for instance, iron, copper, 
wood, glass. These rods extend to a slight distance in the trough,, 
and the parts outside are coated with wax, which melts at 61°. The 
box being filled with boiling water, it is observed that the wax melts 
to a certain distance on the metal rods, while on the others there 
is scarcely any trace of fusion. The conducting power Is evidently 
greater in proportion as the wax has fused to a greater distance. 
By these and other experiments it has been ascertained that metals 
, ai% the best conductors ; then—but after a long interval—marble, 
porcelain, brick, wood, glass, etc. 

Organic substances conduct heat badly. De la Rive and De 
Candolle show that woods conduct better in the direction of^ their 
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fibres than in a transwrse direction, and have remaiked upon 
the influence which this feeble conducting power, in a transverse 
direction, exerts in preserving a tree fiom sudden changes of tem¬ 
perature, enabling it to resist alike a sudden abstracnon of heat from 
within, and the sudden accession of heat from ithout. Tyndall 
has also shown that this tendency is aided by the low conducting 
power of the bark, which is in all cases less than that of the wood. 

Cotton, wool, straw, bran, powdered gypsum, etc., arc all bad 
conductors. 

236. Conducting power of liquids. Manner in which they 
are heated.—Liquids, with the exception of mercury, which is a 
metal, are all bad conductors of heat. They conduct so imperfectl, 
that Rumfoid assumed water to be entirely destitute of conducting 
power. But the fact that water, as well as other liquids, does con¬ 
duct heat, though only to a small 'extent, has been est.iblished by 
the most careful and accurate experiments. 

From tlieir small conducting power, liquids are not heated in 
the same mannci as solids. If heat be applied to a solid, whether 

on the top, the 
bottom, or the 
sides. It is trans¬ 
mitted from layei 
to layer, and the 
whSle mass be¬ 
comes heated. This 
IS not the case with 
a liquid . if it is 
heated at the top, 
the heat is only 
254 propagated with 

extreme slowness, and it cannot be completely heated throughout; 
indeed, if the experiment be made as represented in fig. 254, the 
top layer of water may be heated to boiling, while at a little dis¬ 
tance there is no appreciable increase of temperature. But if it be 
heated at tiie bottom, the temperatuie of the liquid rapidly rises. 
This, however, is not owing to its conductivity, but to ascending 
and descending currents, which are produced throughout the whole 
Qiass of liquid. 

The existence of these currents may be demonstrated by 
placing in the water a powder of nearly the same density—for 
instance, oak sawdust—-and then gently heating the vessel at the 
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bottom (fig. 255). As the lower layers of the liquid become heated 
. they expand and rise, while the upper layers, which are colder and 
therefore denser, sink, and take 
the place of th> first; these in 
their turn become heated, rise, 
and so on, until the entire mass 
is heated. These currents are 
evident from the sawdus^, which 
is seen to rise slowly in the 
centre, and to re-dcscend near 
the edges. This mode of heating 
is said to be by convection. 

237. Conductivity of gases. 

Gases are extremely bad con¬ 
ductors of heat; but this fact can¬ 
not be easily demonstrated by ex¬ 
periment, owdng to the extreme 
mobility of their particles. For, 
so soon as they arc heated in any 
part of their mass, expansions and currents are produced, in virtue 
of “^'hich the heated parts mingle with the cold ones ; hence a 
general elevation of temperature, which we might be tempted to con¬ 
sider as due to conductivity, but which is really due to convection. 
When, however,*gases are hindered in their motion, their con¬ 
ductivity seems extremely 
sm*all, as shown by many 
examples in the following 
article. 

That there is a differ¬ 
ence in gases as regards 
their conductivity for heat 
may be seen from the fol¬ 
lowing experiment. Aj 
and A (fig. 256) are two 
similar vessels, open at 
the bottom, standing in a 
mcrfiury trough, one of 
then! containing air and the other hydrogen. In the caps stout 
copper wires are inserted which are joined by fine platinum spiral 
wires and a. When the wires are connected with the poles of a 
voltaic battery, an electric current passes through the spirals. The 
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electric current, we shqjil afterwards see (476), has the property of 
heating a wire through which it passes, and the rise of temperature 
is higher the thinner the wire. On passing the current it will be 
found that while the spiral in air is heated to redness, the one in 
hydrogen remains quite dull. Now, the heat produced by the 
passage of the current is the same in both the wires, for they are 
exactly alike, and accordingly the difference can only be due to 
the fact that the heat is more rapidly carried away by the hydrogen 
than by the air ; in other words, that hydrogen is a better con¬ 
ductor. The conductivity of air is silver. 

238. Applications.—The greater or less conductivity of bodies 
for heat meets with numerous applications. If a liquid is to be 
kept Warm for a' long time, it is placed in a vessel and packed round 
with non-conducting substances, such as shavings, straw, bruised 
charcoal. Similarly, water-pipes, and pumps are wrapped in straw 
at the approach of frost. The same means are used to hinder a 
body from becoming heated. Ice is transported in summer by 
' packing it in bran, or by folding it in flannel. 

Double walls constructed of thick planks having between them 
any finely divided materials, such as shavings, sawdust, dry leaves, 
etc., retain heat extremely well ; they are likewise advantageous in 
hot countries, for they prevent its access. If a layer of asbestos, 
a very fibrous substance, is placed on the hand, a red-hot iron ball 
can be held without inconvenience. Red-hot i.on balls can be 
wheeled to the gun’s mouth in wooden barrows partially filled with 
sand. Lava has been known to flow over a layer of ashes under¬ 
neath which was a bed of ice, and the non-conducting power of 
the ashes has prevented the ice from fusion. Snow forms a 
covering which protects seed and young grain from frost. In fire¬ 
proof safes, the hollow sides are filled with wood-ashes, or powdered 
gypsum or alum. 

* The clothes which we wear are not warm in themselves ; they 
only hinder the body from losing heat, in consequence of their 
spongy texture and the air they enclose. The warmth of bed¬ 
covers a^hd of counterpanes is explained in a similar manner. 
Double windows are frequently used in cold climates to keep a 
room warm—they do this by the non-conducting layer of air 
'^^terposed between them. For the same reason two shirts are 
> warmer than one of the same material but twice as thick. Hence, 
’I too, the warmth of furs, eiderdown, etc. 

4 That water boils more rapidly in a metallic vessel than in one of 
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porcelain of the same thickness ; that a bui;|^ing piece of wood can 
be held close to the burning part with the naked hand, while a 
piece of iron heated at one end can only be held at a great distance, 
are easily^ explained by reference to their various conductivities. 

The sensation of heat or cold which is experienced when we 
.touch certain bodies is materially influenced by their conductivity. 
If their temperature is lower than ours, they appear colder than 
they really are, because, from their conductivity, heat passes away 
from us. If, on the coStrary, their temperature is higher than 
that of our body, they appear warmer, from the heat which they 
give up at different parts of their mass. Hence it is clear why 
carpets, for example, are warmer than wooden floors, and why the 
latter, again, are warmer than stone floors. 

The small conducting power of felt is used in the construction 
of the Norwegian stove^ which consists merely of a wooden box 
with a thick lining of felt. In the centre is a cavity in which can 
he placed a stew-pan provided with a cover. On the top of this is 
a lid, also made of felt, so that the pan is surrounded by a very 
badly conducting envelope. Meat, with water and suitable addi¬ 
tions, is placed in the pan, and the contents are then raised to 
boiling. Tlic whole is then enclosed in the box, and left to itself; 
the cooking will go on without fire, and after the lapse of several 
hours it will be quitte finished. The cooling down is very slow, 
owing to the bad*conducting power of the lining ; at the end of 
three hours the temperature is usually found not to have sunk 
moire than from 10" to 15"^. 

, The closer the contact of the hand with a substance, the greater 
is the difference of temperature felt. With smooth surfaces there 
are more points of contact than with rough ones. A hot glass rod 
feels hotter than a piece of rusted iron of the same temperature, 
although the latter is a better conductor. The closer the substance 
is pressed the more intimate the contact; an ignited piece oTf 
charcoal can be lifted by the fingers, if it is not closely pressed. 


T 
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CHAPTER V 

MtASUREMENT OF THE EXPANSION OF SOLIDS, LIQUIDS, 

AND GASES 

239. Expansion of solids.—The expansion of bodies by heat 
being a general effect which is experienced by all bodies, it will be 
readily understood that the determination of the amount of this 
expansion is a problem of great importance, both in its purely 
scientific and in its practical aspect. We shall first describe the 
method of determining the expa^ision of solids. We have already 
seen that the expansion of solids may be as regards either the 
length or the volume. Hence the investigation of the expansion of 
solids may be divided into two parts, the first relating to linear^ 
and the second to lubkal expansion. 

Linear cvpamion. In order to compare with each other the 
expansions of bodies, the elongation is taken which a certain length 
of the substance undergoes w'hen it is heated from zero to 1°, and 
the ratio of this elongation to the original length is called the 
locfficicnf of linear expansion. The coefficients nf a great number 
of substances were acc urately determined tow^ai ds the end of the 
last century by Lavoisier and Laplace. They took a bar of‘the 
substance to be experimented on, placed it in melting ice, and then 
accurately measured its length. Having placed it then in a bath 
of boiling water, they again measured its length. They thus 
obtained the total expansion between zero and ioo°—that is, for an 
increase of temp^fhturc of ic» degrees. This divided by ickd, and 
by the length of the bar at zero, gave the coefficient of linear 
expansion. In this manner the following numbers were obtained. 


Coe^cienis of linear expansion for 1° betuecji 0° and icx)^ C. 


White glass 

. o‘ckxxxd86i 

llronze 

. 0-000018167 

Platinum 

. 0-00000884 

Brass . 

. o-(XXX'i 8782 

Steel . 

. 0-00001079 

Silver 

. o-ocx)ci9097 

Iron . 

0-00001220 

Tin . 

. o-oocx>2i730 

Oold . . 

. 0-00001466 

Lead . 

. o-ocxx)28575 

Copper 

• 

. 0*00001718 

Zinc . 

. o*cxxx)294i7 
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It will be seen from this table that the coefficients of expansion 
are in all cases very small. Thus, when we say fhat the coefficient 
of expansion of copper is about 0*000017, mean that a rod of this 
metal when heaM through one degree will expand by 17 millionths 
of its length—that is to say, a rod of copper 1,000,000 feet in length 
.would be longer by 17 feet under these circumstances. 

At temperatures below zero, ice, like other bodies, is expanded 
by a rise, and is contracted by a fall in temperature. Its coefficient 
of linear expansion is 0*600053, or nearly twicethat of lead or zinc. 
Ice is, indeed, the most expansible of all known solids. 

Cubical expansion. The coefficient of cubical expansion of a sub¬ 
stance is the ratio of the increase in volume to its original volume 
for a rise of temperature of one degree. Calculation shows that 
the coefficient of cubical expansion of a solid may with sufficient 
accuracy be taken as three times Che coefficient of its linear expan¬ 
sion ; and these coefficients may therefore be obtained by multi- 
plyingk the above numbers by three. 

240. Applications of the expansion of solids.—In the arts' 
we meet with numerous e.xamples of the influence of expansion, 
(i.) The bars of furnaces must not be fitted tightly at their extremi¬ 
ties but must, at least, be fixe at one end, otlieiwise in expanding 
they would exert sufficient force to split the masonry, (ii.) In 
making railw'ays a swiall space is left between the successive rails, 
for if they touched, the force of expansion w'ould cause them to 
curve, or would break the chairs, (iii.) Hot-water pipes are fitted 
to*one another by means of telescopic joints, which allow room for 
expansion, (iv.) If a glass is heated or cooled too rapidly—say, in 
the inside—it cracks : this arises from the fact that glass being a 
bad conductor of heat, the sides become unequally heated, and 
consequently unequally expanded, and the strain thereby produced 
may be sufficient to cause a fracture. 

When bodies have been heated to a high temperature, the forte 
produced by their contraction on cooling is very considerable : it 
is equal to the force which is needed to compress or expand the 
material to the same extent by mechanical means. Ac^brding to 
Harlow, a bar of malleable iron a square inch in section is stretched 
j-^J^Tjth of itJ length by a weight of a ton ; the same increase is 
produced by a rise of temperature of about 9® C. A difference of 
45° C. between the cold of winter and the heat of summer is not 
•unfrequently experienced in this country. In that range a wrought- 
iron bar ten inches long and a square inch in section will vary ip 



On Heat 



[240- 


length by aiirthof an mch, and will exert a strain, if its ends are 
securely fastened, of firve tons. 

An interesting laboratory experiment showing the great con¬ 
tractile force of metals maybe mtide with thcappjfiatus represented 

in fig. 257, which consists of a mas¬ 
sive cast-iron frame with notches 
in the uprights. A wrought-iron 
bar, with a screiv at one end 
and a loop at the other, having 
been raised almost to a red heat, 
a short rod of cast iron is passed 
through the loop, and the ’ ar 
placed in the frame and screwed 
up. As the bar contracts on cooling, the force is so great that the 
short rod snaps. To cool the'bar rapidly, cold water may be 
poured upon it. 

An application of this contractile force is seen in the mode of 
' securing the tyres on wheels. The tyre, being made red-hot, and 
thus considerably expanded, is placed on the circumference of 
the wheel, and then cooled. The tyre, when cold, clasps the w'heel 
with such force as not only to secure itself on the rim, but also to 
press home the ends of the spokes into the felloes and nave. 
Another interesting application was made in the case of a gallery 
at the Conservatoire des Arts et Metiers in Paris, Vhe walls of which 
had begun to bulge outwards. Iron bars were passed across the 
building, and screwed into plates on the outside of the walls. Each 
alternate bar was then heated by means of lamps, and when the 
bar had expanded it was screw^ed up. The bars, being then allowed 
to cool, contracted, and in doing so drew the walls together. The 
same operation was performed on the other bars. 

241. Spiral tWmometer.--“An interesting example of the 
ajjplication of the expansion of solids is met with in a form of a 
rnaximum and minimum thermometer represented in fig. 258. It 
consists of a steel ribbon a yard long, rather less than half an inch 
wide, an<f about the twentieth of an inch thick, to which is soldered 
a brass ribbon of the same dimensions. The compound strip is 
bent in a spiral, j, the steel being outermost. One end is fixed, 
the other end,is free. At a certain definite temperature’'this 
end has a certain position. If the temperature rises, the brass 
expands more than the steel, and the free end is moved towards 
thq left; if the temperature sinks, it moves towards the right. 

This motion of the spiral is transmitted to two indicators, tv/ 








and_^, on which are small pins, p and p. I^the temperature rises, 
ttffi pin together with its index cd^ is pushecf forward until the 
maximum temperature is reached, and, as 
there is a,gcntle%iction, remains in that 
position. If, on the contrary, the tem¬ 
perature sinks, the index fg is moved to 
the right until the lowest temperature is 
obtained. The instrument is graduated 
’specially by comparing its indications 
with the 4 corresponding temperatures 
shown by a mercurial thermometer. 

242. Compensation pendulum. — An 
important application of the expansion of 
metals has been made in the compensation 
pendulum. To understand the iftility of 
such an arrangement, we must call to 
mind what has been said about pendulums 
(62)—namely, that their oscillations are 
isochronous —that is, are made in equal 
times -and that their application to the 
regulation of clocks depenas upon this 
property. Hut we have also seen that the 
time of an oscillation depends on the length of the pendulum : 
the longer the pendulum, the more slow^ly it oscillates, and the 
, shorter it is, the more rapidly docs it oscillate. Hence a pendu- 
luifi formed of a single rod terminated by a metal bob, r, as 
iiepresented in fig. 63, could not be an exact regulator of time ; for 
as the temperature rises it would lengthen, and the clock would go 
slower; the exact opposite would take place when it contracted 
by cooling. These inconveniences have been remedied by taking 
the remedy from the cause of the evil. 

In fig. 259, which represents ih&jp'idiron pendulum, one of the 
forms of compensaiion pendulum, the ball, L, instead of being 
supported bj' a single rod, is supported by a framework consisting 
of alternate rods of steel and brass. In the figure the shaded rods 
represent steel; including a small steel strip, which supports 
the ^hole of the apparatus, there are six of them. The other rods, 
four^in number, are of brass. The rod f, which supports the ball, 
is fixed at its upper end to a horizontal cjross-piece ; at its lower 
icnd it is free, and passes through the two circular holes in the 
lower horizontal cross-pieces. 
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Now, from the manner in which the vertical rods sire fixed to 
the cross-pieces, it is easy to see that the elongation of the sto''’ 

rods can only take place downwards, 
and that of the braCs rods upwards. 
Consequently, in 01 der that the pendu¬ 
lum may remain of the same length, 
it is necessary that the elongation of 
the brass rods shall tend to make the 
ball rise, by exactly the same distance 
that the elongation of the steel rods 
tends to lov^er it ; a result which is 
attained when the sum of the leng..ns 
of the steel lods A is to the sum of 
the lengths of the brass lods H in the 
in\ei^sc ratio of the coefiitients of ex¬ 
pansion of steel and biass, a and/^ ; 
that is, nhen A:I»- h.<i. 

343. Absolute and apparent ex¬ 
pansion. —We have already seen that 
liquids arc more expansible than solids 
(213), which IS a consequence of their 
feebler cohesion ; but their expansi¬ 
bility is far less rbgular, and tbe less 
so the nearer their‘’teinjictatmc ap- 
proat hes the boiling-point. 

In solids, two kinds of expansion 
hav e to be considered, the linear and 
the cubical. Now, it is clear that the 
latter is the only kind of expansion 
which can be observed in the case of 
liquids. The expansion may be either 
real or apparent. The former is the 
real increase in volume which a liquid experiences when it is 
heated ; while the latter is that which the eye actually observes— 
that produced in the vessel containing the liquid. Thus, in ther¬ 
mometers, when the liquid expands and rises in the stem, the 
apparent expansion is observed, which is less than the real or 
absolute c.vpansion. For, while the mercury expands, the bulb cf 
the theihiometer does so too : its volume is greater, and hence the 
liquid does not rise so high in the stem as it would if the volume* 
of the bulb were rigidly unaltered. 
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If a bulb of thin glass (fig. 260), provided with a narrow stem, 
,4;pntaining some coloured liquid, be immeAied 'in a beaker of hot 
water, a, the column of liquid in the stem at first sinks from the mark 
C', at which it oUginally stood, to the mark C, but then immediately 
after rises, and continues to do so until the liquid inside has the same 
-temperature as the hot water. The first sinking of the liquid is 
not due to its contraction ; it .arises 
from the expansion of the glass, 
which becomes heated before the 
heat can reach the liquid : but the 
expansion of the liquid soon exceeds 
th.at of the glass, and the liquid 
then ascends. 

Hence, since, whatever be the 
nature of the material in which ta 
liquid is contained, it has some 
expansibility, and always expands 
with the liquid, the apparent ex¬ 
pansion is the only one directly 
observed in liquids. 

#Thc coefficient of expansion ot 
a liquid is the increase which a 
unit volume experiences for a rise 
in temperature of one degree. The 
coefficient varies greatly with dif¬ 
ferent liquids. In a glass vessel 
the apparent expansion of mercury 
is 1*5 part in ten thousand ; that 
of water is 4*6 parts—-that is, three 
times as great; alcohol is still more expansible, for its coefficient 
is 11 *6 parts in ten thousand, or a little over i part in a thousand. 

244. Maximum density of water.—Water presents the remark¬ 
able phenomenon that as its temperature sinks to 4° it contracts ; 
but from that point, although the cooling continues, it expands 
until the freezing-point is reached, so that 4° represents*the point 
of greatest contraction of water, or what is called its point of 
ma^mum density, 

- These phenomena may be observed by comparing a water 
thermometer—one, that is to say, filled with water—with one of 
•mercury both being exposed to a temperature gradually dimi¬ 
nishing. 
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Hope used the following method to determine the maximum 
density of water. ' He took a deep vessel with two apertures jip 

the side in which he fixed ther¬ 
mometers (fig4^E6i), and having 
filled the vessel with water at 
0°, he placed it in a room at a. 
temperature of 15°. As the 
layers of liquid at the sides of 
the vessel became heated, they * 
sank to the bottom, and the 
lower thermometer marked 4°, 
while that of the upper one was 
still at zero. Hope then made 
the inverse experiment : having 
filled the vessel with water at 
15°, he placed it in a room at 
zero. The lower thermometer; 
having sunk to 4°, remained 
stationary for some time, while 
the upper one cooled down until 
it reached zero. Both thesc^px- 
periments prove that water is 
heavier at 4® than at 0°, for in both cases it sinks to the lower part 
of the vessel. This experiment may be adapted for lecture illustra¬ 
tion by using a cylinder containing water at 15° C, with its central 
part surrounded by a jacket containing bruised ice (fig. 261). 

This may also be illustrated in a simple and interesting mannev 
by means of a specific gravity bulb (fig. 262), which in this case is 
so adjusted that it exactly floats in water of abput ,3° C. 
Such a bulb will sink if placed in a vessel containing 
water at 0° ^but when that water is placed in a warm 
room its temperature gradually rises, and when it is 
about 3® the bulb rises to the top of the liquid ; the 
temperature continuing to rise, when it is at about 9® 
the bulb again sinks to the bottom. 

The phenomenon of the maximum density of water 
is of great importance in the economy of nature. In wintei^the 
temperature of lakes and rivers falls, from being in contact with 
the cold air, and from other causes, such as radiation. The colder 
water sinks to the bottom, and a continual succession of currents* 
is formed, until the whole has a temperature of 4®. The cooling 
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on the surface still continues, but the cooled layers, being lighter, 
^ ^^main on the surface, and ultimately freeze, the water below the 
ice increasing in temperature from o° to 4°. The ice thus formed 
protects^ the .w0ter below, the bulk of which remains at a tem¬ 
perature of 4°, even in the most severe winters, a temperature at 
, which fish and other inhabitants of the water are not destroyed. 

EXPANSION OF GASES 

* 245. Value of the Coefficient of expansion of gases. —Not 

merely are gases the most expansible of all bodies, but their ex¬ 
pansion is the most regular. It was originally assumed, on the basis 
of Gay-Lussac’s experiments, that all gases expanded to the same 
extent for the same increase of temperature—that is, that they 
had all the same coefficient of expansion. It has, however, been 
established that the coefficients ^f various gases do present slight 
differences. They are, however, so slight that for ordinary practical 
•purposes they may be assumed to be the same—that is to say, 
•00367, or 367 parts in 100,000 ; or, in other words, 100,000 volumes 
of air, or any other gas, when heated from 0° to i” Centigrade, 
would become 100,367 volumes, or 273 volumes would become 274. 
Tfcis expansibility is about 9 times as great as thajt of water. 

246. Effects of the expansion of gases. —The expansion of 
gases affords us numerous important applications, not merely in 
domestic econoitiy, but also in atmospheric phenomena. Thus in 
our dwellings, when the air is heated and 
vftiated by the presence of a great number 
.of persons, it expands and rises, in virtue 
of its diminished density, to the highest 
parts of rooms ; and, to allow this to 
escape, apertures are made in the cornice, 
while fresh and pure air enters by the 
joints of the doors and ot the windows. 

When, in winter, the door of a warm 
room is put ajar, and a lighted candle held 
near the top, c (fig. 263), the direction of 
the flame proves the existence of a current 
of warm air from the inside to the outside. 

Jf we lower the flame, it will be found that 
at about the middle, b, it is not affected by any air-current, but 
• that lower down, near the ground, the flame is driven inwards. 

In theatres the spectators in the galleries are exposed to^the 



Fig. 263. 
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highest temperature and the most impure air, while those near the 
orchestra breathe in a purer air. w 

Draughts in chimneys are due to the expansion of air. Heated 
by the fire in the grate, the air rises in the chimn^ with a,velocity 
which is greater the more it is expanded. Hence results a rapid 
current of air, which supports and quickens the combustion by ■ 
constantly replacing the oxygen absorbed. This draught is stronger 
the colder the outer air, the stronger the fire, and the taller the 
column of hot air—that is, the higher the chimney. 

The expansion and contraction of air have a fortunate influence 
on the temperature of that part of the atmosphere in which we 
live. For when the ground is strongly heated by the sun’s burning 
rays, the layers of air in immediate contact with it tend to acquire 
the same temperature and to form a stifling atmosphere : but these 
layers, gradually expanding, risd from their lessened density ; 
while the higher layers, which are colder and denser, gradually 
replace them. The high temperature which would otherwise be 
produced in the lower regions is thereby moderated, and is thus 
kept within the limits which plants and animals can support. 

The expansion and contraction produced in the atmosphere 
over a large tract of country are the cause of all winds, from Ae 
lightest zephyr to the most violent hurricane. These winds, which 
at times are so destructive, so capricious in thfeir direction, and so 
variable in their strength, not merely have the effifet of mixing the 
heated and the cooler part of the atmosphere, and of thus mode¬ 
rating extremes of temperature, but by driving away the vitiated 
atmosphere of our towns, and replacing it by pure air, they are one 
of the principal causes of salubrity ; without them our cities would 
be the centres of infection, where epidemic diseases of all kinds 
would be permanent. Without winds, clouds would remain motion¬ 
less over the country wfifere they w’ere formed, neither rivers nor 
brooks would moisten the soil, and the greater part of the globe 
would be condemned to absolute dryness. But, carried by the 
winds, the^ clouds formed above the seas are transported to the 
centres of continents, where they condense and fall as rain ; and 
this, having fertilised the soil, gives rise to the numerous rivers 
which fall into the ocean, thereby establishing a continuous ciftu- 
lation from the seas towards the continents, and from contindhts 
towards seas. 

C 247. Density of gases.—The specific gravities of solids and of 
liquids have been determined in reference to water (iii); those of 
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gases by comparison with air—that is, ha^g taken as a term of 
>(romparison, or uniiy^ the weight of a certain volume of air, the 
weights of the same volume of otlier gases are determined. But 
as gases are v^y compressible and expansible, and as, therefore, 
their specific gravities may greatly vary, they must be reduced to a 
definite pressure and temperature. This is why the temperature 
of zero and the pressure of 30 inches have been chosen. 

Hence the relative density of a gas, or its specific gravity, is the 
relation of the weight of a certain volume of the gas to that of the 
same volume of air ; both the gas and the air being at zero, and 
under a pressure of 30 inches. 

In order, therefore, to find the specific gravity of a gas—oxygen, 
for instance—it is necessary to determine the weight of a certain 
volume of this gas, at a pressure of 30 inches and a temperature of 
zero, and then the weight of the Same volume of air under the same 
conditions. Kor this purpose a large globe of about two gallons 
'capacity is used, like that represented in fig. 117, the neck of which 
is provided with a stopcock, which can be screwed to the air-pump, 
The globe is first weighed empty, and then full of air, and after¬ 
wards full of the gas in question. The weights of the gas and of 
jhe air are obtained by subtracting the weight of the exhausted 
globe from the w'eights of the globe filled, respectively, with air 
and gas. The quotient obtained by dividing the latter by the 
former gives the*specific gravity of the gas. It is difficult to make 
these determinations at the same temperature and pressure, and 
therefore all the weights are reduced by calculation to zero, and th^ 
•standard pressure of 30 inches. 

In this manner the following*densities have been found ;— 


Air 

roooo • 

Nitrogen 

0*9714 

Hydrogen . 

. 0*0692 

Oxygen 

1*1056 

Marsh gas . 

. 0*5590 

Carbonic acid 

1*5290 

Ammonia . 

. 0*5887* 

Sulphurous acid . 

2*2474 

Carbonic oxide 

. 0*9670 * 

Chlorine 

2*4400 


% ^ % 

It appears from these numbers that the lightest of gases, 
therefore of all bodies, is hydrogen, whose density is less than ^ 
thfft of air. 
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chapter VI 

CHANGES OF STATE OF BODIES BY THE ACTION OF HEAT 

248. Fusion.—In treating of the general effects of heat, we 
have seen that its action is not only to expand bodies, but to cause 
them to pass from the solid to the liquid state, or from the latter 
state to the former, according as the temperature rises or falls ; 
and from the liquid to the acrifqrm state, or conversely. These 
various changes of state we shall now investigate under the name 
of fusion or meltin^^ solidification^ vaporisation^ and liquefaction. 

Fusion, or melting, is the passage of a solid body to the liquid 
state by the action of heat. This phenomenon is produced when 
the force of cohesion which unites the molecules is sufficiently 
weakened ; but as the cohesive force varies in different substances, 
the temperature at which bodies melt does so likewise. For soi?iC 
substances this temperature is very low, and fqr others very high, 
as the following table shows :— 


Melting-points of certain substances. 


^ Mercury 

1 

00 

00 

0 

Bismuth 

. 246° 

Hromine 

-12 

Cadmium . 

. 321 

9 Ice 

0 

•Lead . 

• 335 

Rape oil 

+ 1 

• Zinc . 

422 

Butter . 

+ 33 

Antimony . 

. 450 

Phosphorus . 

44 

Aluminium . 

850 

^Potassium 

55 

•Silver . 

980 

Stearine 

60 

4 Gold . 

. 1060 

White v’ax . 

65 

^ Iron—cast . 

. 1150 

0 Sodium 

90 

„ wrought . 

1600 

« Sulphur 

114 

.Platinum 


Tin . 

228 

Iridium 

. 1950 


Some substances, however, such as paper, wood, wool, and cer¬ 
tain salts, do not fuse at a high temperature, but are decomposed. 
Mapy bodies have long been considered refraitory —that is, in- 
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capable of fusion ; but, in the degree in which it has been possible 
.t;p produce higher temperatures, their ndmber has diminished. 
Gaudin succeeded in fusing rock crystal by means of a lamp fed 
by a jet^of oxygv ; and Despretz, by combining the effects of the 
sun, the voltaic battery, and the oxyhydrogen blowpipe, melted 
, alumina and magnesia, and softened carbon so that it was flexible, 
which is a condition near that of fusion. 

Some substances pass from the solid to the liquid state without 
showing any definite nSelting-point—for example, glass and iron 
become gradually softer and softer when heated, and pass by 
imperceptible stages from the solid to the liquid condition. This 
intermediate condition is spoken of as the state of vitreous fusion. 
Such substances may be said to begin to melt at the lowest tem¬ 
perature .at nhich perceptible soft¬ 
ening occurs, and to be fuWy 
melted when the further elevation 
•of temperature does not make them 
more fluid ; but only approximate 
temperatures can be given as those 
of their true melting-points. 

. The determination of the melt- 
-'1^-point of a bod)' is a matter of 
considerable importance in fixing 
the identity of rrihny chemical com¬ 
pounds, and is, moreover, an opera¬ 
tion frequently necessary in deter- 
.mining the commercial value of 
tallow and other fats. 

In the case of a substance like 
tallow, the ojicration is as follows : t-. 

A portion of the substance is 
melted in a watch-glass, and a 
small quantity of it sucked into a 
fine capillary tube, which is then 
placed in a bath of clear water (fig. 

264) attached to a thermometer, 
and*the temperature of the bath is gradually raised until the sub- 
staitce ceases to be opaque, that is, is completely melted, and the 
temperature at which this occurs is noted. The bath is then 
•allowed to cool, and the solidifying-point noted ; and the mean of 
the two is taken as the true melting-point. 
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' 249. Laws of fusion. —It has been found by experiment that 
the fusion or meltiAg of bodies is governed by the two following; 
laws :— 

I. Every substance begins to fuse at a certain tc'ipcraiure^ vohich 
is invariable for one and the same substance if the pressure be con¬ 
stant. 

II. Whatever be the temperature of the source of heat., from the 
moment fusion commences the temperature of the body ceases to rise., 
and remains constant until the fusion is complete. 

For instance, the melting-point of ice is zero, and a piece of this 
substance exposed to the sun’s rays, or placed in front of a fire 
or over a lamp, could never be heated beyond this temperature 
Exposure to a stronger heat would only hasten the fusion : the tem¬ 
perature would remain at zero until the whole of the ice was 
melted. 

Alloys are generally more fusible than any of the metals of 
which they are composed—for instance, an alloy of 5 parts of tin 
and I of lead fuses at 194'^. The alloy known as Rosds fusible 
metal., which consists of 4 parts of bismuth, i part of lead, and 

1 of tin, melts at 94° ; and an alloy of i or 2 parts of cadmium with 

2 parts of tin, 4 parts of lead, and 7 or 8 parts of bismuth, known 

as Wood’s fusible melts between 66° and 71° C. Fusible 

alloys are of extended use in soldering and in staking casts. 

A mixture of the chlorides of potassium and of sodium fuses at 
a lower temperature than either of its constituents ; the same is 
the case with a mi.xtiire of the carbonates of potassium and sodium, 
especially when they are mixed in the proportion of their chemical 
equivalents. 

An important application of this property is met with in the case 
of fiuxesy which are much used in metallurgical operations. They 
consist of substances ^ich, when added to an ore, partly, by their 
chemical action, help the reduction of the substance to the metallic 
state, and partly, by prerenting a readily fusible medium, hasten the 
agglomeration of the particles, and thus promote the formation of 
a regalufor mass of pure metal. 

250. Latent heat.—Since, during the passage of a body from 
the solid to the liquid state, the temperature remains constant xintil 
the fusion is complete, whatever be the intensity of the source of 
heat, it must be concluded that in changing their condition, bodies 
absorb a considerable amount of heat, the only effect of which is 
to maintain them in the liquid state. This heat, which is not indi- 
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cated by the thermometer, is called latent fuat or latent heai of 
fusion^ an expression which, though not, iil strict accordance with 
modern ideas, is convenient from the feet of its universal recogni¬ 
tion and employQient. 

An i(iea of what is meant by latent heat may be obtained from 
the following experiment. If a pound of water at 80° is mixed with 
a pound of water at zero, the temperature of the mixtufe is 40®. 
Hut if a pound of pounded ice at zero is mixed with a pound of 
water at 80°, the ice m'blts, and two pounds of water at zero are 
obtained. The pound of ice at zero is changed into a pound of 
water also at zero, but as the hot water is also lowered to this tern- ’ 
perature, what has become of the 80 units of heat it possessed ? 
They exist in the water which results from the ice; their effect has 
neither been to increase its temperature nor its volume, but simply 
to impart fluidity to it. Consequently, the mere change of a pound 
of ice to a pound of water at the same temperature requires as much 

• heat as will raise a pound of water through 80°. This quantity of 
heat represents the latent heat of the fusion of ice, or the latent 
heat of water. The term unit of heat employed above means the 
quantity of heat required to raise the temperature of a pound of 
witer by 1°, or the heat given up by a pound of water in cooling 

■through I®. 

Every substance in melting absorbs a certain amount of heat, 
which, however,’ varies materially with different substances. Thus 
the latent heat of fusion for phosphorus is 5, for sulphur 9, and for 
sbdium nitrate 63 ; that is, as much heat is required to melt a pound 
. of this salt as would raise 63 pounds of water through 1°. 

The enormous quantity of heat absorbed by ice and snow in 
melting explains hoiv it is that so long a time is required to melt 
them when thaw sets in. And, conversely, it is owing to the latent 
heat of water that, even when its temperature has been reduced to 
zero, so long a time is required before it is entirely frozen. Faraday 
calculated that the heat given out by a cubic yard of water in 
freezing is equaUto that which would be produced by the complete 
combustion of a bushel of coals. 

Were it not for the great amount of heat which must be 
absorbed by snow or ice in melting, we should, on a change 
/rdm frost to mild weather, be liable to the most destructive 
floods owing to the sudden melting of the accumulated snow 

• and ice. 

251. Solidification.—Those substances which are liquefied by 
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heat revert to the solid state on cooling, and this passage from the 
, liquid to the solid state? is called solidification. 

In all cases the phenomenon is subject to the two following 
laws:— , 

I. Every body under the same pressure solidifies at a fixed tem¬ 
perature •which is the same as that of fusion. 

II . From the commencement to the end of the solidification^ the 
temperature of a liquid remains constant. 

Thus if lead begins to melt at 335°, melted lead, in like manner, 
when cooled down, begins to solidify at 335 Moreover, until it is 
completely solidified, the temperature remains constant at 335°. 
This arises from the fact that the liquid metal, in proportion as it 
solidifies, restores the heat it had absorbed in being melted- The 
same phenomenon is observed whenever a liquid solidifies (250). 

Pure water freezes at zero ; olive and rape oils at — 6° ; linseed 
and nut oils at - 27° ; bisulphide of carbon at -116° ; ether and 
alcohol at about — 130° 

If water contains salts or other foreign bodies, its freezing- 
point is lowered. Sea water freezes at -2’5° to -3° C.; the ice 
which forms is quite pure, and a saturated solution remains. In 
Finland advantage is taken of this property to concentrate 
water for the purpose of extracting salt from it. If water contains 
alcohol, precisely analogous phenomena are‘observed ; the ice 
formed is pure, and, practically, all the alcohol is'contained in the 
residue. 

If kept quite still, water may be cooled below zero without solidi¬ 
fying. A drop of water on a surface which it does not moisten, 
such as velvet, may be thus cooled, but when touched by the point 
of a pin it at once freezes. 

Water presents the remarkable phenomenon that when it solidi¬ 
fies and forms ice its \'%luine undergoes a material increase. In 
spfeaking of the maximum density of water we have already seen 
that, on cooling, it expands from 4 degrees to zero ; it further, 
expands at the moment of solidifying, or contracts on melting by 
about 10 per cent. One volume of ice at 0° gives 0*908 of water 
ato°, or 1 volume of water at 0° gives 1*102 of ice at the same 
temperature. " 

The increase of volume in the formation of ice is accompaified 

an expansive force which sometimes produces powerful mecha- 
jHcal effects, of which the bursting of waterpipes and the breaking 

j^gs and bottles containing water are familiar examples. The 
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splitting of stones and rocks and the swelling up of moist ground 
dijring frost are caused by the fact that water penetrates into 
th« pores and there becomes frozen. The bursting of water- 
pipes takes plaq^ during actual frost, but the solid ice usually 
closes thfe crack and prevents any escape df water, and the ill 
.effects only show themselves when the thaw has set in and the ice 
is melted. 

The expansive force of jce was strikingly shown by some 
'experiments of Major Williams in Canada. Having quite filled 
a r3-inch iron bomb-shell with water, he firmly closed the touch- 
hole with an iron plug weighing 3 pounds, and exposed it in this 
state to the frost. After some time the iron ])lug was forced out 
with a loud explosion, and thrown to a distance of 415 feet, the 
shell was cracked, and a mass of ice pro¬ 
jected from the crack as shown in«fig. 265. 

From the expansion which water under¬ 
goes in freezing, it is obvious that ice must 
be less dense than water; and this, in fact, 
is the case, for ice floats on the •'Urface of 
the water. In the polar seas, where the Fig* *65. 

temperature is always veiy low, masses of floating ice are met 
which arc called icc-fidds. They rise out of the sea to a 
height of as much a‘^4 or 5 yards, and are immersed to a depth 
of at least eleven 4imes as much, and they frequently extend over 
an area of 40 miles. True mountains of ice, or iiebergs^ are found 
floating on those seas ; they have not the same aiea, but attain 
very grcxit heights. One measuied in Melville Bay was 315 feet 
in height, and three-quarters of a mile in length. 

Cast iron, bismuth, and antimony expand on solidifying, like 
water, and can thus be used for casting ; but gold, silver, and copper 
contract, and henc'c coins of these metals cannot he cast, but must 
be stamped with a die. • 

252. Crystallisation.—When bodies pass slowly from the liquid 
"To the solid state, their molecules, instead of becoming grouped in 
a confused manner, generally acquire a regular ordei and^arrange- 
ment, in virtue of which these bodies assume the geometrical 
shapes of cubes, pyramids, and prisms, etc., which are perfectly 
definite, and are known as irystaU. Flakes of snow, when looked 
at under the microsco])e (305), ice in the process of formation, 
sugar candy, rock ciystal, alum, nitre, common salt, and many 
other substances, afford well-known instances of crystallisation. 

U • 
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Two methods aie in use for crystallising substances the dry 
TC'aj'and the mot it way By the first method bodies are melted by 
heat and then allowed to cool slowly The vessel m which the 
operation is peiformed becomes lined with cryst'^s, which aie made 
apparent by inverting the vessel and pouring out the excess of 
liquid before the whole of it is solidified Sulphui, bismuth, and 
many othei metals aie ^hus easily ciystallised The seeond method 



Fig 'ftf) 


consists m dissolving in hot watei the substance to be ciystallised, 
so as to form a satuiated solution (253), which is then allowed to cool 
slowl) The body is theieby deposited on the sides of vessels in 
ciystals, which are larger and better shaped the more slowly the 
crystallisation is effected In this manner sugai candy and salts 
are crystallised Fig 266 represents a mass of crystals of alum 
obtained in this way 

253 Solution.—A body is said to dtaolve when it becomes 
liquid lit consequence of an attraction between its molecules and 
those of a liquid in which it is placed and which is thus called its 
solvent Gum arabic, sugar, and most salts dissolve in v ater 
Beeswax does not dissolve in water, but does so in tuipentiijc 
The weight dissolved generally increases with the temperature, as 
IS seen from the following table, which gives the percentages the 
salts dissolved for the tempeiatures given — 
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Temperature 

Common 

Salt 

Nitre 

Potassium 

Chloride 

1 C<H>per 
Sulphate 

Zinc 

Sulphate 

0'^ . 


13 

29 

32 

”5 

20 ° 

37 

42 

35 

42 

161 

, 100° 

1 


203 

56 

203 

654 


"When a liquid has cliss(?lved as much as it can at a particular 
temperature, it is said to be saturated. 

^ During solution, as well as during fusion, a certain quantity of, 
heat always becomes latent, and hence it is that the solution of a 
substance usually produces a diminution of temperature. In cer¬ 
tain cases, however, instead of the temperature being lowered, it 
actually rises, as when caustic potesh is dissolved in water. This 
depends upon the fact that during the solution of a solid in a liquid 
two simultaneous and contrary phenomena are occurring. The first 
is the passage from the solid to the liquid condition, which always 
lowers the temperature. The second is the chemical combination 
of the body dissolved with the liquid, which, as in the case of 
all chemical combinations, produces an increase of temperature. 
'Consequently, as the one or the other of these effects predominates, 
or as they are equal, the temperature either rises or sinks, or 
remains constant.* 

0 254. Freezing mixtures.—The absorption of heat in the pas¬ 
sage of bodies from the solid to the liquid state has been used to 
produce artificial cold. This is effected by mixing together bodies 
which have an affinity for each other, and of which one at least is 
solid, such as water and a salt, ice and a salt, or an acid and a 
salt. Chemical affinity accelerates the fusion ; the portion which 
melts robs the rest of the mixture of a large quantity of sensible 
heat, which thus becomes latent. In many cases a very consider-* 
able diminution of temperature is produced. 

If the substances taken be themselves first previously cooled 
-down, a still more considerable diminution of temperature is 
occasioned. 

Feezing mixtures are frequently used in chemistry, in physics, 
and in domestic economy. The best effect i.s obtained when pretty 
large quantities, 2 or 3 pounds, of the mixture are used, and when 
they are intimately mixed. It is also advantageous to use the 
machines for a series of successive operations. 
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One form of ^ the portable ice<making machines which have 
come into use of lafe years is represented in fig. 267. In this 
ice is made by the great cold produced by the solution of ammonium 
nitrate in water. In a metal cylinder, A, a J^ollow cone, H, of 

thin metal plate is so fixed as to clivide the 
interior of A into two parts : the cone B 
open at the top, and the rinj»-shaped space 
P surrounding it, and open at the bottom. 
The water to be frozen is placed in B to 
about 4 ds height; an indiarubber nng is 
placed on it, and then a wooden co\er whicK 
can be sciewed tightly down. B being lus 
closed, the space P is about haP filled with 
ammonium nitrate, and water added until 
the space nearly full. P having been t losed 
by a cover similar to that of B, the whole 
appaiatus is rotated for 8 or 10 minutes on its axis. There is the n 
formed in B a hollow cone of liansparent ice, in the i entie of which 
there is usually some water. Instead of placing water in li, mix¬ 
tures of suitably flavoured creams and the like may be pLaced, and 
are frozen wath equal facility. 

The salt can be obtained again by evaporating the solution, 
and thus the piocess can be repeated over and over again with the 
same mateiials. ® 

A mixture of sodium sulphate or Glauber’s salt and hydrochloric 
acid produces also a gieat degree of cold ; but, as a chemical de¬ 
composition takes place here, the mixture can only be used once. 
The greatest lowering of temperature is produced by taking two 
solids which by their mixture produce a liquid. Thus, a mixture 
of I pound of common salt with 3 pounds of snow or coarsely 
^lowdercd ice redu^Jes the tempeniiture to — 20° C. 

One of the most useful materials for freezing mixtures is 
crystallised calcium chloride ; when this is mixed with snow in the 
proportion of 10 parts of salt to 7 parts of snow, a temperature of 
-42° C. is obtainable. By evaporating the solution thereby pro-.^ 
duced until the temperature is 129", and then allowing^ it to cool, 
stirring all the time, the salt is reproduced in the solid form hi the 
state of a fine crystalline meal, which can be used again for'fresh 
operations. 



Fig. 267. 
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CHAPTER VII 

FORMATION OF VAPOURS. MEASUREMENT OF THEIR 

ELASTIC FORCE 

255. Vapour.—We have already seen (118) that vapours are 
the aeriform fluids into which liquids such as ether, alcohol, water, 
and mercury are changed by the action of heat. 

As regards the property of ^disengaging vapour, liquids are 
divided into two classes—TWa/z/r liquids and fixed liquids. The 
first are those which have a tendency to pass into the state of. 
vapour at the ordinary or even at lower temperatures; such, for 
instance, are water, ether, chloroform, and alcohol, which disappear 
more or less rapidly when exposed to the air in open vessels. To this 
cj^s belongs a numerous family of liquids met with in nature, 
^*^uch as essence of turpentine, oil of lemons, of lavender, of thyme, 
of roses, etc., which 3 re known as the essential oils. 

Fixed liquids,*on the contrary, are those which emit no vapour 
at any temperature ; such, for instance, are the fatty oils., as olive, 
rape, etc. When strongly heated, these oils .are decomposed, and 
give rise to gaseous products ; but they do not emit vapours of the 
same nature as their own. There are some of them which are 
known as drying oils., that become thicker in the air; but this is 
in consequence of their having absorbed oxygen, and so under¬ 
gone a chemical change, and not in consequence of evaporation. 

Some substances, even in the solid state, form vapour. Ice is 
an instance of this, as is seen in dry cold winters, where the snow 
and ice quite disappear from the ground, without there havgng been 
'any melting. Iodine, camphor, and odoriferous solids in general, 
present the same phenomenon. Bodies which by the action of 
heat*pass directly from the solid state to that of vapour are said 
to sublime, and this process is called sublimation. 

The vapours of most colourless liquids are colourless also, and 
therefore invisible. What, in ordinary life, we speak of as steam 
or vapour—the breath from our mouths in winter, the cloud over 
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boiling water, and the like—is no longer steam or vapour, but is 
vapour which has beeh condensed into small spherules of liquid, 
and which then remains suspended in the air, but afterwards dis¬ 
appears, forming invisible water gas. or 

256. Elastic force of vapour. - Vapours formed on the surface 
of a liquid are disengaged in virtue of their elastic force ; but this 
pressure is generally far lower than that of the atmosphere, and 
hence liquids exposed to the air only evaporate slowly. 

The following experiment renders evident the elastic fpree or 
pressure of vapour. A bent glass lube has the shorter limb closed 

(fig. 268); this branch and part oL. 
the longer are filled with mer. ary. 

A drop of ether is then passed into 
the closed leg, which, in virtue of 
its lower density, rises to the top 
of the tube at H. The tube thus 
arranged is immersed in a vessel 
of water at a temperature of about 
45®. The mercury then sinks 
slowly in the short branch, and 
the space AH is filled, with the ex¬ 
ception of a small quantity 6V' 
liquid ether * at A, with a gas 
which has all the appearance of air. 
This gas or aeriform fluid is nothing 
but the vapour of ether, whose 
clastic force counterbalances not 
only the pressure of the column ol 
mercury, CA, but also the atmo¬ 
spheric pressure exerted at C. 

If the water in the vessel be 
cooled, or if the tube be withdrawn, 
the mercury gradually rises in the , 
short leg, and the liquid ether 
which seemed almost to have dis— 
268. appeared increases. If, on the 

contrary, the water in which the 
tube is immersed be still more heated, the drop diminished: and 
the mercury sinks further in the short leg ; thus showing that 
Ifresh vapours are formed, and that the elastic force increases. This 
l^ncrease of tension with the temperature continues as long as any 
liquid remains to be vaporised. 
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The crackling of wood m fires is due to the increased pressure 
of» the vapours and gases foimed in the pores of the wood during 
combustion In 1 casting chestnuts it is usual to slit the outer skin, 
so as to allow thcn^^apoui foimcd to escape, for otheiwise it might 
dcquiie such an elastic foice is to buist the ''hestnut and scattei 
4 hc paiticles fai and wide 

257 Formation of a vapour m a vacuum. In the previous 
cxpciiment the liquid ch inged \ciy slowly into the state of vapour , 

^ this is also the case when 
a liquid IS freely exposed 
..J» llie an In both eases 
the atmosphcie is an ob 
Stacie to the \ ipoiisation 
In a vacuum theie is no 
resistance, and the forma 
tion of vapours is instan 
taneous, as is seen in 
the following experiment 
I our barometei tubes, 
hlled with meiuui), are 
inmiersed side by side in 
the same tiough (hg 269) 

One ot them. A, serves as 
a baiometei—thJt is, only 
contains diy meicury— 
and a few drops of water, 
alcohol, and ethei are re 
spectively mtioduced into 
the tubes H, C, D W hen 
the liquids leaeh the 
vacuum a depression of 
the mercury is at once 
produced But this dc 
pression cannot be pioduced by the weight ot a liquid, for it is but 
. a very small fiaction of the weight ot the displaced •mercury 
Hence, in the case of each liquid, some ^ apoui must have been 
forifted whose elastic force has depressed the mercurial column, 
^Jnd*as the depression is greater in the tube D than in the tube C, 
and greater in this than in the tube B, it is concluded that, foi the 
• same temperature, the elastic force of ether is greater than that of 
alcohol \apoui, and that this in turn has a gieater elastic foice 
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than water. If the depression be measured by means of a 
graduated scale, it will be found that, at a temperature of 20°, the 
elastic force of ether is twenty-five times as great as that of water, 
and that of alcohol almost four times as From these 

experiments we conclude that : - 

‘ 1 . //t a vacuum all volatile liquids are at once converted into 

vapour. 

11 . At the same temperature the vapours of different liquids 
have different elastic forces. 

When petroleum is gradually raised in temperature by being 
placed on a water bath, a point is reached at which the vapooi^ 
ignites when a light is brought over the liquid. 'I'his is called he 
flash-point ; its determination is a matter of great practical import¬ 
ance. Most of the accidents due to petroleum are caused by oils of 
low flash-point. The lowest lirfiit at present is 73^ F.; it is con¬ 
sidered that if the flash-point were raised to 100=* F. fires resulting 
from accidents with petroleum lamps would practically cease. 

258. Limit to the formation and to the pressure of vapour. 
Saturated space.—'I’he quantity of vapour which can be formed 
in a given space, whether at the ordinary or at higher temperatures, 
is always limited—for instance, in the above experiment, the Re¬ 
pression of mercury in each tube, 15 , C, D (fig. 269), is not stopped* 
for want of liquid which might form fresh vapour, for care is taken 
always to add so much that a slight excess remains unvaporised. 
Thus, in the tube D, enough ether is left ; yet we might wait weeks 
and years, and if the temperature did not increase, we should 
always sec a portion of liquid in the tube, and the level of the 
mercury remain stationary. I'his shows that no new vapour can 
be formed in the tube, and at the same time that the elastic force 
of the vapour which is there cannot increase, which is expressed 
by saying that it h 3 fs attained its maocimum pressure. 

When a given space has acc^uired all the vapour which it can 
contain at a fixed temperature, it is said to be saturated. For 
instance^ if in a bottle full of dry air a little water be placed, and 
the vessel be hermetically closed, part of the water will evaporate ‘ 
slowly, until the elastic force of the vapour formed holds in equili¬ 
brium the expansive force of that which still tends to form ; the 
formation of vapour then ceases, and the space is saturated. 

359. The quantity of vapour which saturates a given space is 
the tame whether this is vacuous or contains air.—For the same 
temperature the quantity of vapour necessary to saturate a given 
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space is proportional to the pressure, and is the same whether 
the space is quite vacuous or contains air or any other gas. 
This may be shown by the experiment represented in fig. 270. 
A is a ,stout bc^le which has been filled with dry air; it is 
connected by means of a flexible indiarubber tube with a mercury 
-manometer. In A is a thin glass bulb containing water or any 
other volatile liquid. When this is broken by shaking A, the 
liquid volatilises, and by its elastic force depresses the mercurial 
column. If the position of this column be read off before and 
after the experiment, the difference measures the vapour-pressure 
the liquid, and this is found to be the same as if the experiment 
had been made with the 
same liquid with the appa¬ 
ratus of fig. 269, provided the 
temperature be the same. 

The difference between eva¬ 
poration in air and in a 
vacuum is that in the former 
case the evaporation only 
takes place slowly, while in 
tl^c second case it is instan¬ 
taneous. Yet, for the same 
space, whether it be*vacuous 
or full of air, tin? quantity of 
vapour formed which corre- 
siSonds to the state of satura¬ 
tion varies with the tempera¬ 
ture. The higher the tem¬ 
perature, the greater is the 
quantity of vapour ; on the 
other hand, the lower the 
temperature, the less is the 


Fig. 270. • 

quantity required to saturate a given space. 

The quantity of vapour present in atmospheric air is very 
variable ; but, spite of the abundant vapc»risation produced on the 
suri&ce of seas, lakes, and rivers, the air in the lower regions of 
the*atmosphere is seldom quite saturated, even when it rains. 
This arises from the fact that aqueous vapour, being less dense 
than air, rises into the higher regions of the atmosphere, in pro¬ 
portion as it is formed, where, condensed by cooling, it falls as rain. 
During a dense fog the air is quite saturated. 
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260. Evaporation. Causes which accelerate it. —We have 
hitherto described 'under the general term of vaporisation all pro¬ 
duction of vapour, under whatever circumstances it takes place, 
whether slow or rapid, whether in air or in a vacuum ; while the 
term evaporation is especially assigned to the slow formation of 
vapour on the surface of a volatile liquid when it is exposed in. 
the open air. It is in consequence of evaporation that the level 
of the water in a pond gradually sinks, and the pond ultimately 
dries up, if it is not fed by a spring. Owing to the same cause 
the moist earth dries up and hardens in fine weather, and wet linen 
exposed in the air soon becomes dry. Several causes influeiwe- 
the rapidity of the evaporation of a liquid ; its temperature, he 
quantity of the same vapour in the surrounding atmosphere, the 
renewal of this atmosphere, also the extent of the surface of the 
liquid. : 

Influence of temperature. The higher the temperature, the 
more abundant is the formation of vapour. This property is uti¬ 
lised in daily life to hasten and complete the drying of a large 
number of products which are exposed in stoves —that is to say, in 
chambers the temperature of which is kept at 30, 40, 60, and even 
100 degrees, and the air of which is continually renewed to allow 
the vapour formed to escape. ^ 

Influence of pressure. We have already seen that the 
pressure of the atmosphere is an ob'^i.acle to the dis¬ 
engagement of vapour, and it will thus be understood 
that when this pressure is diminished vapour ought to be 
formed more abundantly. This, in point of fact, is what 
takes place whenever liquids are under a lower pressure 
than that of the atmosphere. In sugar refineries, in 
order to concentrate the syrups, that is, to reduce the 
volume bjt removing part of the water they contain, they 
are placed in large spherical boilers ; and then, by the 
aid of large air-pumps of special construction, worked 
by steam-engines, the air in the boilers is rarefied, which 
t:onsiderably accelerates the evaporation of water, and 
quickly brings the syrups to the wished-for degree of 
concentration. • 

The rate at which water evaporates in the air may be 
' investigated by means of the evaporometer (fig. 271), 

,,which consists of a graduated glass tube, «, nine inches long, #th - 
^ch in diameter, and closed at one end. It is filled with water, and 
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closed at the bottom by a disc, 0^ of thick blotting-paper; this 
is* kept in its place by a brass ring, which 4 s p'ressed by a spring 
passing round the tube. The area of the disc is known, and, by 
observing the exS||pt to which the level of the water has sunk 
during a certain interval of time, we have at once the means of 
-calculating the volume of w'^ater which has evaporated during this 
lime. The instrument is suspended in the open air in the shade, 
and near it is a wet-bulb thermometer. At London the amount of 
water which evaporates in a year is represented by the height of 
a column of water of two feet. 

Influence of the renewal of air. In order to understand the 
influence of the third cause, it is to be observed that no evapora¬ 
tion of a liquid takes place in a space already saturated with the 
vapour of that liquid, and that evaporation reaches its maximum 
in air completely freed from this 'tepour. It therefore follows that, 
between these two extremes, the rapidity of evaporation varies 
according as the surrounding atmosphere is already more or less 
charged with the same vapour. 

The effects of the renewal of this atmosphere are easily ex¬ 
plained ; for if the air or gas which surrounds the liquid is not 
renewed, it soon becomes saturated, and evaporation ceases. Thus 
it is that the wind, removing the layers of air which are in contact 
with the earth, soomdries up the roads and streets. Hence, too, 
it is that linen hfing out to dry does so far more rapidly on a windy 
than on a calm day. 

* Influence of the extent of surface. The greater the extent of 
surface which a liquid presents to the air, the more numerous are 
the points from which vapour is disengaged. Hence the evapora¬ 
tion of a liquid should be effected in vessels which are wide and 
shallow. This is what is done in the process of e.\tracting salt 
from sea-water in salt-gardens. The sea-water is admitted into 
broad and shallow pits excavated in the ground. Under the infhi- 
ence of the sun’s heat the w'ater evaporates, and when the con¬ 
centration has reached the point at which the liquid is saturated, 
the salt begins to form on the surface and is raked off. * 

261. 'EXivlI^oici.—EbulHHon^ or boilings is the rapid produc-| 
tiofl of elastic bubbles of vapour within the mass of a liquid I 
itself. 

When the lower part of a vessel containing water is heated, 
the first bubbles are due to the disengagement of air which 
had previously been absorbed. Small bubbles of vapour then 
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begin to rise from the heated parts of the sides, but as they 
pass through the upper layers, the temperature of which is lower, 
they condense before reaching the surface. The formation and 
successive condensation of these first bubbles o^-^ision the singin^^ 
noticed in liquids before they begin to boil. Lastly, large bubbles 
rise through the liquid and burst on the surface, and this constitutes 
the phenomenon of ebullition (fig. 272). 

262. Laws of ebullition.—The laws of ebullition have been, 
determined experimentally, and are as foirbws :— 

I. The lemperature of ebullition^ or the boiling-point^ increases 

with the pressure. - - 

II. For a giveti pressure.^ boiling commences at a certain eni- 
perature., which varies in different liquids^ but which for equal 
pressures is always the same in the same liquid. 

III. lVhate 7 /er be the temperaiure of the source of hcat.^ as soon 
as ebullition begins^ the temperature of the liquid remains 

stationary. 

'I'hus, the boiling-point of water 
under the ordinary atmospheric 
pressure being 100°, water could not 
be heated beyond that point, what¬ 
ever the temperature of the source 
of heat; the only effect of higher 
temperature bein^ to increase the 
rapidity of vaporisation ; hence all 
the heat which passes from the 
source into the liquid is absorbed 
by the vapour disengaged. But as 
this vapour is itself at 100°, we must 
conclude that this heat is not ab¬ 
sorbed to raise the temperature of 
the vapour, but simply to produce 
zV—that is, to change the substance 
from the liquid into the gaseous 
state—a phenomenon analogous to 
that which fusion presents (250). 
This disappearance of heat during 
ebullition will be subsequently investigated under the name of 
latent heat of vai)orisation (267). 
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Boiling-points under the pressure of an atmosphere 


Sulphurous acid 

-10® 

Turpentine . 

160^ 

Ethylic chloride 

+ II 

Strong sulphuric acid 

• 32s 

Ether • . . % . 

■ 37 

Mercury 

• 350 

Bisulphide of carbon 

■ 48 

Sulphur . 

• 444 

Bromine . 

• 63 

Cadmium 

. 770 

Alcohol . 

. 78 

Zinc 

• 930 

Distilled water 

•• 100 

Lead 

. 1450 

263. Causes which influence 

the boiling-point.—The 

boiling- 


point of a liquid is affected by the presence of substances in solu¬ 
tion, by the pressure to which it is subjected, and by the nature of 
the vessel in which the boiling takes place. 


^ $ 



Fig. 273. 


The boiling of a liquid is the more retarded the jfreater the 
quantity of any substance it may contain in solution, provided that 
thtf substance is not volatile, or, at all events, is less volatile than 
the liquid itself. Water, which boils at 100° when pure, boils at 
109° when it is saturated with common salt—that is, when it has 
taken up as much of this salt as it can dissolve. 

Influence of pressure. The pressure to which a liquid is 
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subjected has the most important influence on its boiling-point. 
The greater the ejfteraal pressure, the greater must be the tension 
in order that the vapour may be disengaged, and therefore the 
higher the temperature. On the contrary, tht^ess the pressure, 
the lower the temperature at which boiling takes place. If the 
pressure of the atmosphere be sufficiently diminished, watermay be 
made to boil at the ordinary temperature. The experiment may be 
arranged in the manner represented in fig. 273. A glass cup con¬ 
taining water is placed under the bell-jaV of an air-pump, or, in 
order that the experiment may be seen by a number of spectators, 
the bell is placed on a movable plate connected with the ppmp by 
a tube. When the air is very rarefied, the water is seen to boil, 
evidently indicating a considerable disengagement of vapour. Yet 




Fig. 274. 

the temperature of the liquid is not raised ; the boiling, on the 
contrary, lowers the temperature, owing to the heat which becomes 
latent in the formation of vapour. 

The influence <sf pressure on boiling may further be illustrated 
by means of an experiment of Franklin’s. The apparatus consists 
of two bulbs connected together by small glass tubing, one of 
which has a piece of wide tubing sealed to it (fig. 274). This 
is drawn ^t and the apparatus filled with water, which is then in 
great part boiled away by means of a spirit-lamp. When it has 
been^oiled long enough to expel all the air, the tube is sealed 
as the construction of the water-hammer (55). There is then 
a vacuum in the apparatus, or, rather, there is only a pressure 
due to the aqueous vapour, which at ordinary temperatures is 
very small. Consequently, if the bulb be placed in the hand 
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as shown in the figure, .the heat is sufficient to produce a pres¬ 
sure, which drives the water into the tube ahd causes a brisk 
ebullition. 

. A paradoxical but very simple experiment also well illustrates 
the dependence ^ the boiling-point on the pressure. Water is 
.boiled for some time in a glass flask, and when all air has been 
expelled by the steam the 
flask is closed by a cork and 
inverted, as shown in fig.*275. 

If the bottom is then cooled 
by a stream of cold water 
from a sponge, the water 
begins to boil again. This 
arises from the condensation 
of the steam above the sur¬ 
face of the water, by which 
a partial vacuum is pro¬ 
duced. 

As the pressure of air 
diminishes in proportion as 
we rise in the atmosphere, it 
wiTl be seen, from what has 
been said, that qn high 
mountains watef must boil 
at lower temperatures than 
at* the sea-level. This, in 
fact, is the case. On Mont 
Blanc, at a height of 15,800 
feet, water boils at 84"; at Quito, at a height of 11,000 feet, 
at 90® ; on the St; Bernard at 92° ; and at Madrid, the height of 
which is 3,000 feet, it boils at 97®. This diminution in the tem¬ 
perature of boiling at great heights is a material obstacle to the 
preparation of food, for at the temperature of 90® the extraction of 
the nourishment and of the flavour is far more imperfect than under 
the usual conditions. • 

In deep mines, on the contrary, such as those of Cornwall and 
of liancashii’e, the reverse is the case ; the pressure increases with 
tjie depth, and the boiling-point is raised above 100®. 

Influence of the nature of the vessel on the boiling-point. 
Gay-Lussac observed that water in a glass vessel required a higher 
Jtemperature for ebullition than in a metal one. Taking the tem- 
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perature of boiling water in a copper vessel at loo'’, its boiling- 
point in a glass vessel was found to be ioi° ; and if the glass vessel 
had been previously cleaned by means of sulphuric acid and of 
potash, the temperature would rise to 105° or even 106° befojre 
ebilllition commenced. Whatever be the boiling-point of water, 
the temperature of its vapour is uninfluenced by the material of 
the vessel in which the boiling takes place. 

y 264. Papin’s digester.—What has hitherto been said in refer¬ 
ence to the formation of vapour has applied to the case of liquids 
heated in open vessels. Boiling can only take place under these 
conditions ; for, in a closed vessel, since the vapour cannot escape 
into the atmosphere, its elastic force and density continua’’y in¬ 
crease, but that peculiarly rapid disengagement of vapour which 
constitutes boiling is impossible. There is, moreover, this difference 
between heating in an open ani in a closed vessel—that in the 
former case the temperature can never exceed that of ebullition, 
while in a closed vessel it may be raised, so to speak, to an in¬ 
definite extent. Thus we have 
seen (263) that in an open 
vessel water cannot be heated 
beyond too° C., all the heat 
imparted to it being absorbed 
by the vapour disengaged. But 
as this disengagement of vapour 
cannot take place in a closed 
vessel, water and the vapour 
may be raised to a far higher 
temperature than 100®. This, 
however, is not unattended with 
danger, from the very high 
pressure which the vapour then 
acquires. 

Fig. 276 represents the ap¬ 
paratus used in physical lectures 
for the purpose of heating water 
in a closed vessel beyond 100°. 
It is known as Papinas di,s^tsster. 
It consists of a cylindrical 
metal vessel, M, provided with a cover, which is firmly fastened 
down Ijy a screw. In order to close the vessel hermetic^y, sheet 
lead is placed between the edges of the cover and the vessel. 
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In the cover there is a hole which is closed by a rod kept in 
place by a cylindrical guide, u. This rod presses against a lever, 
(ih^ movable at and the pressure may be regulated by means of 
a weight,/, mova^c on this lever. The lever is so weighted that 
when the pressure in the interior is equal to six atmospheres, 
for example, the valve rises and the vapour escapes. The 
destruction of the apparatus is thus avoided, and the mechanism, 
which will be described in speaking of the steam-engine (289), 
’has hence received the name of safety-valve. The digester is 
filled about two-thirds with water, and is heated by a large 
Bunsen burner. The water may thus be raised to a tempera¬ 
ture far above 100°, and the pressure of the vapour increased 
to several atmospheres according to the weight on the lever. 

The apparatus has received the name of digester, from a Latin 
word signifying to dissolve, for tWfe high temperature which water 
can acquire greatly increases its solvent power. Thus it is used to 
extract from bones the substance known as glue, which could not 
be accomplished at 100° C. 

From the enormous elastic force which vapour may acquire 
when heated in a closed vessel, it will be understood how important 
it is not to close tightly the vessel in which water is heated for 
domestic purposes. Thus a hot-water bottle for heating the feet 
of invalids should be uncorked before being placed near the 
fire ; for it rnighf burst, or, at any rate, the cork might be driven 
out, and a more or less serious accident be caused. In like 
ma'nner, when a locomotive stops, the steam must be allowed to 
escape ; for otherwise, as it is continually being formed in the 
boiler without any being consumed in working the engine, it 
might ultimately acquire such a pressure that .an explosion would 
ensue. 

265. Measurement of the pressure of aqueous vapour.—The 

important applications w'hich have been made of the pressure oT 
aqueous vapour have led philosophers to measure it accurately at 
various temperatures. 

. Daltpn first measured the pressure of aqueous vapour for 
temperatures between o® and loo* by means of the apparatus 
repv&ented in fig. 277. Two barometer-tubes, A and B, are filled 
wUh mercury, and inverted in an iron bath full of mercury, and placed 
over a furnace or large Bunsen burner. The tube A is an ordinary 
barometer-tube ; but into th e tube B is introduced a small quantity 
of water. The tabes are supported in a cylindrical vesserfaiTi^ 

X 
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water, the temperature of which is indicated by the thermometer, 

L The bath bein^ gradually heated, the water in the cylinder 

becomes heated too ; the water 
which is in the tube B vaporises, 
and, in propol^ion as its vapour 
pressure increases, the mercury, 
sinks. The depressions of the 
mercury corresponding to each 
degree 6f the thermometer are • 
read off on the scale. Thus if, 
when the thermometer is at 70'’', 
the mercury is 233 millimetres 
lower in the tube B than in the 
tube A, it follows that at 70“ the 
^pressure of aqueous vapour is 
233 millimetres ; which amounts 
to saying that it exercises on the 
sides of the vessel which con¬ 
tains it a pressure equal to that 
due to a column of mercury 
233 millimetres in height. 

Dulong and Arago determined 
the pressure of aqueous vapour 
above too’ upt.to pressures of 
24 atmospheres. More recently 
Regnault measured the pressare 
of aqueous vapour both above 
and below 100®. For tempera¬ 
tures below ICO® he used two 
independent methods. Of these 
Fig. 277. was a modification of 

Dalton’s ; the other depends 
on the principle that when a liquid boils the pressure of the 
vapour is equal to the pressure the liquid supports. If there¬ 
fore the temperature and the corresponding pressure are known,, 
the question is solved, and the method merely consists in causing 
water to boil under a given pressure and in measuring the ctirre- 
sponding temperature. The method is applicable to pressures 
greater than atmospheric. 

The following table is due to Regnault. , 
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Pressure of aqueous vapour from — 4° 4^? 160° C, 


Temperature 

Pressure in milliinetres 

_ - - 1 

1 Temperature 

\ 

1' Pressure in mill 

-4 

•Wi — ', 

3*39 

: 30 

31-55 


3-96 

40 

54-91 

0 

4-60 

50 

91-98 

I 

4-94 

; 60 

148-79 

2 

5 * 3 * 

i 65 

186-95 

3 

5-69 

! 70 

233-09 

3 

6-53 

75 

288-52 

10 

9-17 

80 

354-64 

12 

10-46 

! 90 

525-45 

13 

11-06 

j 100 

760-00 

15 

12-70 

lOI 

787-63 

17 

14-42 

i • 120 

1520-00 

18 

15-36 

160 

4580-00 

20 

17-39 




266. Measurement of heights by the boiling-point.—From the 
connection between the boiling-point of water and the pressure, 
the heights of mountains may be measured by the. thermometer 
instead of by the barometer, since the pressure of the steam of boiling 
water is equal to that of the superincumbent atmosphere, what¬ 
ever the temperatare may be at which the water is boiling. Suppose, 
for example, it is found that water boils on the summit of a mountain 
at and at its base at 98° ; at these temperatures pressure of the 
vapour is equal to that of the pressure on the liquid—that is, to the 
pressure of the atmosphere at the two places respectively. Now, 
the pressure of aqueous vapour at various temperatures has been 
determined, and accordingly the pressures corresponding to* the 
above temperatures are sought in the tables. These numbers repre¬ 
sent the atmospheric pressures at the two places—in other word^, 
they give the barometric heights -and from these the height of ' 
the mountain maybe calculated by the method already given (140). 
.An ascent of about t,o8o feet produces a lowering of i°*C. in the? 
boiling-point, or, what is the same thing, an ascent of 600 feet pro- ', 
ducd^ a lowering of 1° F. 

, The instruments used for this purpose are called fhermobaro- 
meters or hypsometers^ and were first used by Wollaston. They 
•consist essentially of a small metal vessel provided with a spirit- 
lamp, for boiling water (fig. 278). To this is fitted a long tul^e, 
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the parts of which slide in each other like a telescope, so that it 
can be shut up for convenience in transport. By means of a cork 
■a delicate thermometer fits in the top of the tube, so that the bulb 

and nearly the wl^]>le of the^stcm are 
surrounded by the steam. When the 
thread of mercury is stationary, its 
position is read off. The graduation of 
the thermometer is only from 8o° or 
90° to loo'^; so that, each degree occu- ’ 
pying a considerable .space on the 
scale, the ioths, and even the looths, 
of a degree may be estimated, and 
thus it is possible to determine the 
heiglit of a place, by means of the 
boiling-point, to within about 10 feet. 

267. Latent heat of vapour.—In 
speaking of ebullition we have seen 
that, from the moment a liquid begins 
to boil. Its temperature ceases to rise 
whatever be the intensity of the source 
of heat. It follows that a considerable 
quantity of heat becomes absorbedi in 
ebullition, the only effect of which is 
to transform the body from the liquid 
to the gaseous condition. And, con¬ 
versely, when a saturated vapour 
passes into the state of liquid, it gives 
out that amount of heat which it had 
absorbed in becoming converted into 
vapour. 

This may be illustrated:43y means of the apparatus represented 
ift fig. 279. The vessel c contains a certain weight of water at a 
known temperature, as indicated by a thermometer not shown in the 
figure ; in the vessel a water is raised to the boiling-point, and 
when this is attained the open end of the pipe is dipped in and 
the boiling continued for some time. The increase in weight in r 
is then observed ; this represents the weight of steam condensed, 
and the thermometer shows a rise of temperature. From these 
data the quantity of heat given out by the steam in condensing may 
be calculated. Thus, for instance, suppose the original* weight of 
^^ttr in c to have been 1,000 grammes and its temperature 10°, 
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while at the end of the experiment it was 20®, and that the water 
distilled over and condensed weighed 16*3 grammes ; then the 
quantity of heat which has been imparted to the cooling water 
has been 1,000 (20 - 10) = 1,000 x 10 = 10,000 thermal units (275), 
and this has been effected by the 
. heat produced by the condensa¬ 
tion of i 6'3 grammes of steam 
at 100° to water at the same 
temperature, together with that 
which it has given out in cooling 
down to 20°. This latter is re¬ 
presented by the expression i6’3 
[ji' + (100-20)] = 16-3 (x- + 80), 
where x is the latent heat of 
vaporisation. By equating the * 
two expressions the value of .i- 
is easily found ; in this case it Fig. 279. 

is 533- 

These phenomena were first observed by Black, who descril:^ 
them by saying that d’tring vaporisation a quantity of sensible 
heat became latent, and that the latent heat again became free 
during condensation. The quantity of heat which a liquid must 
absorb in passing from the liquid to the gaseous state, and which 
it gives out in passing from the state of vapour to that of liquid, is 
spoken of as the latent heat of vaporisation. 

• The analogy of these phenomena to those of fusion will be at 
once seen. The modes of determining are described in principle 
in the above example ; we may give the following results which 
have been obtained for the latent heats of vaporisation of a few 
liquids:— 


Water . 

540 

Bisulphide of carbon . 

87 

Alcohol. 

208 

'I'urpentine. 

74 

Ether . 

90 

Bromine . 

46 



The meaning of these numbers is—in the case of water, for 
insibnee—that it requires as much heat to convert a pound of water, 
ffom the state of liquid, at the boiling-point, to that of vapour at the 
same temperature, as would raise a pound of water through 540, 
degrees, or 540 pounds of water thiough one degree Centigrade ; 
or that the heat yielded by the conversion of one pound of vapour 
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of alcohol at 78° into liquid alcohol of the same temperature would 
raise 208 pounds of water through one degree. 

It has been assumed that the boiling is under the ordinary 
pressure of the atmosphere ; if the pressure is l^wer, and therefore 
the boiling-point lower, the value for the latent heat is greater. 
Watt supposed that the sum of the latent and sensible heats was a. 
constant quantity, and equal to 640 ; thus, if water were boiled at 
90®, its latent heat on this view would be 550. This is not, how¬ 
ever, the case ; Regnault showed that the 'total heat of vaporisation ‘ 
’ is expressed by a constant number, 606*5, added to the product 
of 0*305 into the temperature of boiling on the Centigrade scale. 

268. Cold due to evaporation.—Whatever, then, be the tempe¬ 
rature at which a vapour is produced, an absorption of heat always 
takes place. If, therefore, a liquid evaporates, and does not receive 
from without a quantity of heat equal to that which is expended in 
producing the vapour, its temperature sinks, and the cooling is 
greater in proportion as the evaporation is more rapid. 

’ This may become a source of very great cooling. Thus, if a 
few drops of ether be placed on the hand, and this be agitated to 
accelerate the evaporation, great cold is experienced. By delivering 
the ether in the form of spray (fig. 175), the cold is still greater, 
and on this depends the method of obtaining local ansesthesia. 
With liquids which are less volatile than ether, like alcohol and 
water, the same phenomenon is produced, l)ut the cooling is less 
marked. 

On coming out of a bath, and more especially in the open Air 
and with some wind, a very sharp cold is experienced, due to the 
evaporation of the water on the surface of the body. The wearing 
of moist linen is cold and dangerous, because it withdraws from 
the body the heat which the moisture requires for conversion into 
vapour. » 

' The cooling effect produced by a wind or draught does not 
necessarily arise from the wind being cooler, for it may, as shown 
by the thermometer, be actually warmer than the surface of the 
skin, but sfrises from the rapid evaporation it causes. We have the 
feeling of oppression, even at moderate temperatures, when we 
are in an atmosphere saturated by moisture in which no evapbra- 
1$on takes place. 

The cooling produced by the use of fans is due to the increased 
evaporation they produce. The freshness occasioned by watering 
the streets is also an effect of evaporation. 
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The fresh feeling experienced after a shower on a hot summer’s 
day is due not only to the lower temperature of’the rain from the 
higher regions of the atmosphere, but in greater measure to the 
heat absorbed owing to the rapid evaporation. 

The cold produced by evaporation is used in hot climates to 
jcool water by means of alcarrazas. These are porous earthen 
vessels, through which water percolates, so that on the outside 
there is a continual evaporation, which is accelerated when the 
” vessels are placed in a Arrent of air. For the same reason wine 
is cooled by wrujjping the bottles in wet cloths and placing them 
in a draught. 

The high temperatures which the body can sustain in Turkish 
baths- exceeding even the temperature of boiling water —are only 
possible by the rapid evaporation which sets in. 

269. Water and mercury frozen in a vacuum.- -From the great 
quantity of heat which disappears whenever a liquid is converted 
Mito vapour, it will be seen that by accelerating the evaporation we 
have a means of producing cold. We have found that liquids* 
vaporise more rapidly the lower the pressure (263). Hence, if a 
vessel t onlaining water be placed in a since from which the air is 
exhausted, it should cool very rapidly. 

'Leslie succeeded in freezing water by means of its own rapid 
, e\ aporation. Undc« the receiver of the air-pump is plac cd a vessel 
containing strong .sulphuric acid, a sub- 
stanc e which has a great affinity for water, 
ami above it a thin, shallow, porous 
capsule, A (fig. 280), containing a small 
quantity of water. By exhausting the 
receiver the water begins to boil, and, 
since the vapours are absorbed by the 
sulphuric acid as fast as they are formed, 
a rapid evaporation is produced, which 
quickly effects the freezing of the water. 

By using liquids more volatile than 
, water, more particularly liquid sulphurous 
acid, which boils at - 10°, a degree of cold i^ obtained sufficiently 
inteftsc to freeze mercury. The experiment may be made by 
covering the bulb of a thermometer u ith cotton wool, and, after 
having moistened it with liquid sulphurous acid, placing it under 
• the receiver of the air-pump. When the pressure is reduced the 
mercury is quickly frozen. 
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By passing a current of air, previously cooled, through liquid 
methyl chloride, temperatures of from -- 23® to - 70° C. may he 
” maintained with great constancy for several hours. 

Thilorier, by directing a jet of liquid carbonic acid on the bulb 
of an alcohol thermometer, obtained a temperature of - 106° without 
freezing the alcohol. With a mixture of solid carbonic acid, liquid 
protoxide of nitrogen, and ether, Despretz obtained a sufficient 
degree of cold to reduce alcohol to the viscous state. 

By means of the evaporation of bisulphide of carbon the forma- ■ 
tion of ice may be illustrated (fig. 281) without the aid of an air- 

pump. A little water is dropped on a small 
piece of wood, B, and a capsule of thin 
copper foil, C, containing bisulphide of car¬ 
bon, is placed on the water. The evapora¬ 
tion of the bisulphide is accelerated by 
means of a pair of bellows, N, and after a 
few minutes the water freezes round the 
capsule, so that the latter adheres to the 
wood. 

In like manner, if some water be placed 
in a test-tube, which is then dipped in a glass containing some 
ether, and a current of air be blown through the ether by mehns 
of a glass tube fitted to the nozzle of a pairjaf bellows, the rapid 
evaporation of the ether very soon freezes the wafer in the tube. 

In Harrison’s method of making ice artificially, a steam-engine 
is used to work an air-pump which produces a rapid evaporation 
of some ether, in which is immersed the vessel containing the 
water to be frozen. The apparatus is so constructed that the 
vaporised ether can be condensed and used again. 

In the East Indies ice is formed even at a temperature of 8® to 
10° C. provided the raghts are clear and bright. Water is 
exposed in flat porous vessels, which are placed in shallow pits 
lined with bad conductors, such as straw. The water percolates 
through the porous vessel, and, there evaporating, withdraws so 
much heaft from the vessel, and from the rest of the water, that it 
freezes. 

This process is favoured by the absence of aqueous vapour 
' from the atmosphere ; for aqueous vapour has a great absorptive 
power for the obscure heat radiated from the earth (233), and thus 
obstructs it in its attempt to escape. 
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^CHAPTER VIII 

LIQUEFACTION OF VAPOURS AND GASES 

270. Liquefaction of vapours.—The liquefaction or condensation 
of vapours is their passage from the aeriform to the liquid state. 
Condensation may he due to three causes— coolings compression^ or 
chemical affinity. • 

When vapours are condensed, their latent heat becomes free 
r-that is, it affects the thermometer. This is readily seen when a 
current of steam at 100° is passed into a vessel of water at the ordi¬ 
nary temperature. The liquid becomes rapidly heated, and soon 
reaches 100”. The quantity of heat given up in liquefaction is equal 
to the quantity absorbed in vaporisation. 

* Liquefaction by chemical affinity. The affinity of certain sub¬ 
stances for water is^ so great as to condense the vapours in the 
atmosphere, eve* when they are far from their point of saturation. 
Thus, when highly hygroscopic substances, such as quicklime, 
caustic potash, or sulphuric acid, are exposed in the air, they always 
absorb aqueous vapour. Certain varieties of (jornmon salt, exposed 
to the air, absorb and condense so much aqueous vapour as to 
become liquid. Many other salts, such as calcium chloride and 
sodium nitrate, have the same property, and are hence called 
deliquescent salts. 

Liquefaction by pressure. Let us suppose a ^•essel containing 
aqueous vapour—a cylinder, for instance—and in this cylinder a 
piston which can be depressed at will, like that represented in 
fig. 3. When the piston is depressed, the vapour behcfves like a 
true gas, as it is not at first in a state of saturation, the pressure 
incrt;asing its elastic force and density without liquefying it. But 
tte more the piston is depressed, the smaller does the volume of 
the vapour become, and a point is ultimately reached at which the 
vapour present is just sufficient to saturate the space. From this 
point the slightest increase of pressure causes a portion of vapour 
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to pass into the liquid state, and if the piston descends to the 
bottom of the cylinder all the vapour is condensed. In this 
experiment it is to be observed that when once saturation is at¬ 
tained, provided there is no air in the cylinder, the resistance to 
the depression of the piston does not increase in proportion as it 
descends, because, the vapour being saturated, its pressure docs, 
not increase with diminished volume. 

Liquefaction by cooling. Cooling, as well as pressure, only 
causes vapours to liquefy when they are In a state of saturation. * 
But when once a given space is saturated, the slightest lowering of 
temperature takes from the vapours the heat which gives them their 
condition, the attraction between the molecules preponderates, they 
agglomerate, forming extremely small droplets, which float in the 
air and are deposited on the surrounding bodies. 

Vapours are ordinarily condc«scd by cooling. Thus the vapours 
exhaled from the noses and mouths of animals first saturate the 
colder air in which they are disengaged, and they then condense 
‘with a cloud-like appearance. Owing to the same phenomenon 
the vapours become visible which are disengaged from boiling 
water, those which rise from chimneys, the fogs formed above 
rivers, and so forth. All these vapours appear more distinctly in 
winter than in summer, for then the air is colder, and the conefen- 
sation is more complete. • 

In cold weather, the windows in heated rooms are seen to 
become covered with dew on the inside. The air of these rooms is 
in general far from being saturated with vapour, but the layers’of 
air in immediate contact with the windows become colder ; and as 
the quantity of vapour necessary to saturate a given space is less 
the colder the space, a moment is reached at which the air in con¬ 
tact with the windows is saturated, and then the vapour it contains 
is deposited. In a time of thaw, when the air is hotter on 
the outside than on the inSide, the deposit is formed on the outside. 
To the same cause is due the deposit of moisture formed on walls, 
which is expressed by saying that they sweat —an unsuitable * 
expressioft, for the moisture does not come from the walls, but, 
from the atmosphere. The walls are colder than the air, and they 
lower the temperature of the layers in contact with them, and bpn- 
dense the aqueous vapour. A similar effect is produced when in 
summer a bottle of Wine is brought from the cellar, or when a glass 
^ is filled with cold water : a deposit of dew is formed on the surface • 
^ 1 of these vessels. The same phenomenon does not occur so often 
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in winter, for then the temperature of the atmosphere being fre¬ 
quently the same as that of the bottle, or pvm lower, the layers of 
air in immediate contact with it are not cooled. 

• 271. Heat disenj^aged during condensation.—It has been seen 
that any liquid in vaporising absorbs a quantity of heat. This 
heat is not destroyed, for in the converse change it reappears in 
the sensible state—that is to say, it is capable of acting on our sense 
of feeling and on the thermometer. For instance, we know that 
’'a pound of water absorbs in vaporising 540 units of heat (267)— 
that is to say, a quantity of heat necessary to raise 540 pounds of 
water from o" to 1° ; conversely, a pound of steam at 100®, which 
is liquefied and gives a pound of water at 100°, causes 540 units to 
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‘pass from the latent to the sensible state -an amount of heat which 
•is utilised in heating by steam. This amount is equaT to that 
which would be capable of raising 4 pounds of cast iron to its 
melting-point. 

• The quantity of heat which becomes free when aqueous vapour 
is condensed is sometimes utilised for heating private houses, hot- 
•houses, and public buildings. Steam is produced in boilers like 
those used in steam-engines, and passes thence into metal tubes 
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concealed behind the wainscot, or into columns which serve at 
the same time a^ ornaments for rooms. The steam condensing 
in these pipes gives up a considerable quantity of heat, which they 
impart to the surrounding air. The pipes being somewhat inclined, 
the condensed water flows back into the boiler, and thus a constant 
circulation is kept up. 

C 272. Distillation. Stills .—Distillation is an operation by which 
volatile lujuid may be separated from substances which it holds 
in solution, or by which liquids of difterent volatilities may be 
separated. The operation depends on conversion of liquid into 
vapour by the action of heat, and the condensation of the vapour 
by cooling. 

The apparatus used in distillation is called a still. Its form may 
vary greatly, but it consists essentially of three parts : (i) the body^ 
A (fig. 282), a copper vessel containing the liquid, the lowest part 
of which fits in the furnace ; (2) the head, B, which fits on the 
body, and from which a lateral tube, C, leads to (3) the worm, 
S, a long spiral tin or copper tube, placed in a cistern kept con¬ 
stantly full of cold water. The object of the worm is to condense 
the vapour, by exposing a great extent of surface to the cold water. 

To free ordinary water from the many impurities which it often 
contains, it is placed in a still and heated. The vapour disengaged 
is condensed in the worm, and the distilled water arising from the*, 
condensation is collected in the receiver, D. The vapour, in con¬ 
densing, rapidly heats the water in the cistern, which must, there¬ 
fore, be constantly renewed. For this purpose a continual supply 
of cold water passes into the bottom of the cistern, while the 
heated, and therefore lighter, water rises to the surface, and issues 
by a tube in the top of the cistern. 

Brandy is obtained from wine by means of distillation. Wine 
consists essentially of w^er, alcohol, and colouring matter ; when 
heated in a still to a temperature between 78° and 100®, the alcohol, 
whuh boils at 78®, vaporises, while water, which only boils at 100°, 
remains behind, or at all events only passes over in small quantity.' 
The liquid which passes over in this distillation is brandy, which is 
in effect dilute alcohol. 

273. Apparatus for determining the alcoholic value of wintis.— 
One of the forms oi this apparatus consists of a glass flask resting 
on a tnpod, and heated by a spirit-lamp (fig. 283). By means of 

india-iubber tube this is connected with a worm placed in a 
copper vessel filled with cold water, below which if a test-glass for 
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collecting the distillate. On this are three divisions—one, a, which 
measures the quantity of wine taken: the twd others indicating 
one half and one third of this volume. 

. The measure is filled up to a with wine which is then poured into 
the flask, and, thi^ having been connected with the worm, the 
distillation is commenced. The liquid which distils over is a mixture 
of alcohol and water. For ordinary wines, such as claret and hocks, 
about one third is distilled over; and for wines richer in spirit, such 
“as sherries and ports, on^ half must be distilled : experiment has 
shown that under these circumstances all the alcohol passes over 
in the distillate. The measure is then filled up with distilled water 
to a ; this gives the mi.xture of alcohol and water of the same 



Fig. 283. 


volume as the wine taken, free from all solid matters, such as sugaf, 
colouring matter, and acid, but containing all the alcohol. The 
‘specific gravity of this distillate is then taken by means of an alco- 
.bolometer (ri6), and the number thus obtained corresponds to a 
certain strength of alcohol as indicated by the tables. 

0.2^4. Liquefaction of gases.—We have already seen (270) that 
a«6aturated vapour, the temperature of which is constant, is lique¬ 
fied by diminishing the volume, and that, the volume remaining 
• constant, it is brought into the liquid state by lowering the tem¬ 
perature. 
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Unsaturated vapours behave in all respects like gases. And 
it is natural to suppose that what are ordinarily called permanent 
gases are really unsaturated vapours. For the gaseous form is 
accidental and is not inherent in the nature of the substance. At 
ordinary temperatures sulphurous acid is a gas** while in countries 
near the Poles it is a liquid; in temperate climates ether is a liquid—, 
at a tropica] temperature it is a gas. And just as unsaturated vapours 
may be brought to the state of saturation, and be then liquefied by 
suitably diminishing the temperature or increasing the pressure, so, 
by the same means, gases may be liquefied. But, as they are 
mostly ver>' far removed from this state of saturation, great cold 
and pressure are required. Some of them may, indeed, be liquefied 
either by cold or by pressure j for the majority, however, both 
processes must be simultaneously employed. No gases can resist 
these cohibined actions, and those which for long resisted all 
attempts to liquefy them—hydrogen, oxygen, nitrogen, nitric oxide, 
and carbonic oxide—become liquid when submitted to a suflficient 
'degree of cold and pressure. 

For every gas there is a temperature above which it cannot be 
liquefied, however great be the pressure applied ; this is called the , 

cHtical temperajurg of the gas ; in 
the case of carbonic acid it is 31“^. 
The pressure which must be ap¬ 
plied to a gas at the critical tem¬ 
perature in order to liquefy it is 
called the crittca/ pre ssure : for 
carbonic acid it is 73 atmospheres. 
The lower is the temperature of a 
gas below the critical temperature 
the less is the pressure rccjuired to 
liquefy it; thus carbonic acid at 
13" requires 45 atmospheres and 
only 35 at 0°. 

In the case of oxygen the critical temperature is — 130° C., and ‘ 
the critical pressure 470 atmospheres. 

Fig. 284 illustrates the principle of the method by which Fara¬ 
day liquefied certain gases; in one limb of a stout bent gljiss 
tube are placed the substances which act chemically on each 
other and evolve the gas to be liquefied ; the other limb isheimeti- 
cally sealed. On heating the right limb in an oil bath the gas is 
disengaged, and in the degree in which this occurs the pressure 



Fig. 284. 
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increases, and the gas ultimately liquefies and collects in the other 
leg.; the process is accelerated by placing this in a freezing 
mixture. 

. One of the most remarkable of the early experiments on the 
liquefaction of gases^s that made by Thilorier to liquefy and solidify 
carbonic acid. The principle of the method is that of Faraday. 
The apparatus used by Thilorier consists of two cast-iron cylinders 
with very thick sides, of 5 to C quarts capacity (fig. 285) They are 
hermetically closed, and ilre connected by means of a leaden tube. 



Fig. 285. 


In one of these cylinders, A, called the geneniiory are placed thfe 
substances by whose chemical action carbonic acid is evolved. 
'These are ordinarily sodium bicarbonate, D, and sulphuric acid 
,in the tube, C. The second cylinder, called the recewer^ B, is 
empty ; and the gas disengaged by the chemical action in the gene- 
rat^f distils over, and, as the receiver is colder, it condenses in 
virtue of its increasing pressure. As much as two quarts of liquid 
carbonic acid have thus been prepared. 

At a temperature of 15® the pressure of the gas in the cylinders 
is not less than 50 atmospheres ; a pressure which would burst the 
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vessels if they were not of great strength. An accident of this kind 
happened some ^ears ago, and caused the death of Thiloricr’s 
assistant. 

To obtain solid carbonic acid, the receiver is provided with a 
stopcock attached to a tube, which dips in the liquefied gas. On 
opening this stopcock, the liquid, driven by pressure, jets out 5 
passing then from .a pressure of 50 atmospheres down to a single 
one, a part of the liquid volatilises ; and, in consequence of the 
heat absorbed by this evaporation, the rest is so much cooled as to 
solidify in white flakes like snow or anhydrous phosphoric acid. 

Solid carbonic acid evaporates very slowly, and is a perfectly 
harmless substance. By means of an alcohol thermometer its 
temperature has been found to be about - qo'’. A small quantity 
placed on the hand does not produce the sensation of such great 



cold as might be expected. This arises from the imperfect contact. 
But if the solid be mixed with ether, the cold produced is so 
intense that when a little is placed on the skin all the effects of a 
severe burn are produced. Such a mixture of the two substances 
solidifies four times it|, weight of mercury in a few minutes. 
When a tube containing liquid carbonic acid is placed in this 
mixture the liquid becomes solid, and looks like a transparent 
piece of ice. ^^en this mixture is placed under the receiver of an 
air-pump &nd rarefaction produced the temperature sinks to - 110°. 
Liquid nitrous oxide solidifies in consequence of the cold produced 
by its volatilisation forming a mass the melting-point of which is 
-105® C. 

The condensation of gases is now carried out on an industrial 
scale. The gases contained in gasholders are condensed in 
flinders of about a cubic foot capacity. A, fig. 286, by an arrange- 
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ment similar in principle to that of the air-gun (fig. 156). When 
for inhalation of nitrons oxide or oxygen ah indiarUbber bag, 
—is attached whicli, when the gas is allowed to issue by turning 
the screw cock, C, becomes inflated and, by means of a suitable 
indiarubber mouth-piece, can be used for inhalation. Nitrous oxide 
is thus applied for aniesthetic purposes. 

For convenience in general use various forms of reducing valves 
and regulators have been constructed, by which the high pressure 
of the issuing stream of gas is reduced to any amount—as low 
as a few inches of water if desired. This is then automatically 
maintained constant till the cylinder is empty. The gases are 
- often used direct from the cylinders, the regulation being effected 
by means of the cylinder valve itself. 

Oxygen and hydrogen ate also extensively used in this way for 
the oxyhydrogen light. I'he gastJB are supplied under a pressure 
of 120 atmospheres, and before being used the cylinders are tested 
by hydraulic pressure up to 185 atmospheres, or over one ton on 
the square inch. 
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CHAPTER IX 

SPECIFIC HEAT. CALORIMETRY 

275. Calorimetry. Thermal unit.—The province of cdorimetry 
is the measurement of the quantity of heat which a body parts wiih 
or absorbs when its temperature sinks or rises through a certain 
number of degrees, or when it changes its condition. 

We must distinguish between quantity of heat and temperature 
(210) ; the temperature of a red-hot iron poker will be considerably 
. higher than that of a bucket of hot water, but the quantity of heat 
in the latter case will be greater. A quantity of heat may be ex¬ 
pressed by any of its effects which can be directly measured, but 
the most convenient is the alteration of temperature ; and quantities 
of heat are usually defined by stating the extent to which the> are 
capable of raising the temperature of a known weight of a sub- 
"stance, such as water. 

The unit chosen for comparison, and called the thermal unit^ 
is not everywhere the same. In France it is the quantity of heat 
necessary to raise the temperature of one kilogramme of water 
through one degree Centigrade; this is called the calorie. In this 
book we shall adopt, as a thermal unit, the quantity of heat neces¬ 
sary to raise one pound of water through one degree Centigrade; 
I calorie — 2*2 thermal units, and one thermal unit = 0’45 caloric. 

. 276. Specific heal.—When equal weights of two different sub¬ 

stances at the same temperature—mercury and water, for example— 
are placed in similar vessels and subjected for the same length of 
time to the heat of the same lamp, or are placed at the same dis¬ 
tance in front of the same fire, it is found that after a time their 
temperatures will differ considerably ; the mercury will be much 
hotter than the water. Hut as, from the conditions of the experi¬ 
ment, they have, during all this time, been receiving heat at the 
^aame rate, it is clear that the quantity of heat which is suffi- 
^^ cienl to raise the temperature of mercury through a certain number 
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of degrees will only raise the temperature of the same quantity of 
wp4er through a less number of degrees—in* ofher words, that it 
■“Requires more heat to raise the temperature of water through one 
degree th§in it does to raise the temperature of an equal quantity of 
mercury by the same amount. Conversely, if the' same quantities 
of water and of mercury at loo® C. be allowed to cool dowm to the 
temperature of the atmosphere, the water will require a much 
longer time for this purpose than the mercury ; hence, in cooling 
fhrough the same number of degrees, water gives out more heat 
than does mercury. 

The difference of the specific heats of solids may be illustrated 
••by means of the apparatus depicted in fig. 287, which represents 
two equal vessels, c and c\ con¬ 
taining equal weights of water 
at the same temperature. These 
vessels are each embedded in 
an outer vessel, d and /f*, a 
non-conducting layer of cot- 
. ton wool being placed between. 

'Two coils, one of sheet ir on^ a\ 
land the other of sheet le ad, 
of the same weight, are heated 
- 'afan air-bath to the same high 
temperature, and are then 
rapidly introduced into the 
wafler through the apertures in 
the lids, b and b\ so as to rest 
on the perforated discs, s and s'. 

These can be moved up and 
down so as to equalise the 
temperature throughout the 
liquid. When the respective thermometers, t and t', cease to rise,* 
they are read off, and it is seen that the temperature indicated by 
the thermometer in which is the iron is decidedly higher ^an that 
in which is the lead. 

If a pound of water at 100® is mixed with a pound of water at 
zero, the mixture has a temperature of 50°. But if a pound of 
mercury at 100° is mixed with a pound of water at zero, the tem¬ 
perature of the mixture will only be about 3“—that is to say, while 
the mercury has cooled through 97°, the temperature of the water 
has only been raised 3°. Consequently, for the same weight, water 
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requires about 32 limes as much heat as mercury does to exhibit 
the same rise of t’emperature. r 

Again, if a pound of water at lo*^ be shaken with a pound of 
turpentine at 60°, the temperature of the mixture will be about 24®. 
So that the heat which turpentine gives out in sinking tlirough 36 
degrees will only raise the temperature of an equal weight of water 
through 14 degrees ; or. in other words, the heat required to laise 
turpentine through a certain range of temj)erature is only about two- 
fifths of that required to raise the same weight of water through 
the same range. 

If similar experiments are made with other substances, it will 
be found that the quantity of heat required to effect a certai - 
change of temperature is different for almost every substance ; and 

) we speak of tl^e specific Ji£at of.a bo(^v as the quantity of heat 
[which it absorbs when its temperature rises through a given range 
of temperature—from 0° to i®, for example—compared with the 
quantity of heat uliich uould be absoibed under the same ciuum- 
*'stances bv the same weight of water. In other words, water is 
taken ns tne st.ind.iid foi the c ompausun of s})et itit heats. Thus, to 


snv that the specific heat of sihri is 0057 means that the quantit) 
of heat which would raise the temperature of any gncii weight of 
Sliver through 1 C. would only raise the temperature of the same 
weight of water through 0*057® C., or that the quantity of 
which would raise a given weight of w*ater through j° C. would 
raise the same weight of silver through 17*5® C. 

The^specific heat of water being unity, that of air is 0*237 if 
we compare equal weights of the two substances. Hence a pound 
of water in losing one degree of temperature would raise the tem- 
perat^ of 4-2 pounds of air through one degree. But as water is 
770 times as hea>vy as air, if we compare equal volumes^ a cubic 
JjcA of water m sinking through one degree of tempetature would 
•UbWi« tt«.«^cubic feet of air one degree. 

iluatum of the specific heats of solids and of 

have been employed for determining thh 

r*?‘v method of melting ice, (ih) the 
Hi. ssd (m,) that of cooling. 

^ method of determining specific 

to melt a pound of ice 8o thermal 
“^bstance whose specific htkiis^ 
^ tempcrature-ioo®, for instance 
ice. In cooling from |qo® to seto» 
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the body melts a certain quantity of ice, which is collected in the 
fouin of water From the weight of this water* from that of the 
"body, and from the number of degrees through 
which it ^is cooled, the specific heat may 
be readily deduced by a simple calculation 
• Livoisier and Laplace s icc calorimeter is 
lepresented in section in fig 288 It con 
sists of three concentric tin vessels, M, A, B, 
each M ith a cover of the same material, in 
the centril one is placed the body, M, whose 
specific heat is to be determined, while the 

‘"spices between M ind A, and between A 
'ind L, lie filled with pounded icc The ice 
m the comp irtincnt A is melted b) the he ited 
body, ind the w itei rcsultini, •from the 
hqucfiction luns off by the slope otk D, ind 
is'CoJItctcd in iiessel the ire in the <om 
piitment L cuts off the he itin^ influent c of '' 

the siinoLindiiii, itmosjihere rhestopcotl ^ 8 

? gives issue to the w itci which iiises from 
the liqutfution of the kc m B 

/ fAt/i / of mil tin (s I his is i much moit icciii ite and 
« 4^1ivenicnt method than thit of 



the fusion of ice, sind is csscnli 
ally that of the experiments cited 
abdVe to estiblish the fact of 
specific heat. The solid body 
whose specific heat is to be 
determined is weighed and 
raised to a known tempera^uic, 
by being kept, for instance, 
for some time in a closed space 
heated by steam , it is then 
Immeised m a mass of cold 
water, the weight and tempera 
tuie of which aie known The 
water becomes warmed by the 
heat given up by the body 
in cooling, and both come 
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at last to the same temperature Fiom this common tem¬ 


perature, from the respective weights of the water and of the 
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substance, and, lastly, from their temperatures at the time of mix¬ 
ture, the specific heat of the body is deduced by a siiR^le 
calculation. ‘ 

278. Method of cooling. —Equal weights of different bodies whose 
specific heats are different, occupy different times in cooling through 
the same number of degrees. This principle is applied in deter¬ 
mining the specific heats of liquids in the following manner :—A 
small polished silver vessel, V (fig. 289), is filled with the liquid and 
a thermometer placed in it. This vessel is heated to a certain 
temperature, and is then introduced into a copper vessel, E, in 
which it fits hermetically. This copper vessel is exhausted through 
the tube tt\ and maintained at the constant temperature of melt 
ing ice, MN, and the time noted which the substance rakes in 
falling through a given range of temperature, from 15° to 5° for 
example. The experiment is repeated with a standard liquid, and 
f the times which equal weights of different bodies require for cool¬ 
ing through the same range of temperature are directly as their 
specific heats. 


Substances 

Specific- 

heats 

Substances 

Specific 

neatb 

Water 

I'OCXX) 

Zinc . 

. 0-0955 

Turpentine 

0-4256 

Copper 

. 0-0951 

Wood charcoal. 

0-2411 

Silver. 

. o-o5t'5'9 

Sulphur 

0-2025 

Tin . 

. 0-0552 

Graphite . 

0-2018 

Antimony . 

. 0-0507 

Thermometer glass . 

0-1976 

Mercury . 

. 0-0333 

Phosphorus 

0-1895 

Gold . 

0-0324 

Diamond . 

0-1469 

Platinum . 

. 0-0324 

Iron 

0-1138 

Lead . 

. 0-0314 

Nickel . 

0-1086 

Bismuth 

. 0-0308 


‘ It will be seen from the above table that water and oil of turpen¬ 
tine have a much greater specific heat than that of other substances, 
and more especially than the metals. It is from its great specific 
heat that water requires a relatively long time in being heated or 
cooled ; and that, for the same weight and temperature, it absorbs 
or gives out far more heat than other substances. This double 
property is applied in heating by hot water, and it plays a most 
important part in the economy of nature. 

Those bodies which have great specific heat, and therefore 
which require a great quantity of heat to raise them to a given 
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temperature, also give out a great quantity in cooling through the 
same range. This difference between bodies *as to the quantities 
o*f heat they contain may be illustrated by a simple experiment. 
A number of equal bullets of various nietals, iron, lead, bismuth, 
and copper, are floated to a temperature of about 200® C. by 



immeising them in hot oil; they aie then placed on a cake of 
‘bees\\a\, CT), about half an inch in thickness (fig. 290). It will 
then be found ^lial the iron and copper melt thiough, while the 
lead and bismuth make but little way, being unable to sink much 
more than half their way through the w'ax. 
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CHAPTER X 
STEAM-ENGINE 

1 

279. Invention of the steam-engfine.—The steam-engine is un 
doubtedly the most important of the applications of the physical 
sciences. Based on the very gveat elastic force which aqueous 
vapour assumes at a high temperature (256) and on the condensa¬ 
tion of this vapour by cooling (270), the steam-engine, in a small 
•volume and at a small expense, produces very considerable motive 
power. 

It is by the successive efforts of several men of genius that the 
steam-engine has attained its present simplicity and precision. 

Its history begins with Hero, the inventor of the fountain which 
bears his name, who invented, nearly two tlpusand years ago, ^ 
steam tourniquet known as the eolipyle^ analogous to the hydraulic 
tourniquet (fig. 84). The names of Salomon of Caux, and of the 
Marquis of Worcester, arc mentioned in the history of the steam- 
engine. 

Denis Papin, a French physicist, to whom is due the apparatus 
already described (264), was the first who caused a piston to ascend 
in a vertical cylinder, closed at the bottom and open at the top, by 
means of the elastic force of steam, and to descend by condensing 
this vapour by coolin]^; so that the piston which descended in 
virtue of atmospheric pressure had an up-and-down motion in the 
cylinder, which is still toe principle of all steam-engines. Papin, • 
who was a Protestant, was obliged to fly from France, in conse¬ 
quence of the revocation of the Edict of Nantes, and the descrip-' 
tion and plan of his machine were published in Germtiny in Kjqo. 
He even made a model large enough to move a boat by means*of 
paddle-wheels. *ln this model there was water underneath the 
piston at the bottom of the cylinder. When a furnace was placed 
under this, the water was converted into steam, and its elastic force 
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raised the piston ; when the piston was at the top of its course the 
furjiace was withdrawn : the cylinder cooling, the steam was con¬ 
densed, and the piston sank. 

. In 1705 Newcomen and Cawley constructed a steam-engine, or 

nre-pump, as it was then called, the object of which was to drain 
jnines. In this engine (fig. 291) the steam was produced separately 
in a boiler, w, below the cylinder, c, containing the piston,/. The 
condensation also was effected by cold water from a cistern,«, being 
• injected into the cylin¬ 
der through a cock, b. 

This was opened when 
the piston was to de¬ 
scend, the descent be¬ 
ing effected by atmo¬ 
spheric pressure, and 
was closed after the 
descent; a second one, e 

a, was opened, through 
which steam entered, 
and so on. But the 
sides of the cylinde: 
behig cooled by this 
jiijection of cold watpr, 
the steam whicl^ filled 
it was partially con¬ 
densed, until the sides 
were again heated; 
there was thus a con¬ 
siderable loss of steam, ^ 9 ^- 

and therefore of fuel. The condensed water flowed out by a pipe, 
at the end of which was the valve, 7', which opened as the piston,/, 
descended. 1020 is the beam by which the motion is transmitted 
to the pump-rod d. 

380. Ae\ uvxyaettov Tpla sTvai t * ttIvtovtsi afta — JamCS Watt, 

a mathematical-instrument maker in Glasgow, had to«-epair the 
model of a Newcomen’s engine-belonging to the physical cabinet 
of the University. Struck by the enormous quantity of steam and 
vf condensing water used by this engine, he entered upon a long 
series of researches and improvements, which he pursued with ad¬ 
mirable perseverance for fifty years, without ever being content 
with the success he obtained. Thus it was that Newcomen’s 
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machine, successively changed and improved in all its parts, at 
last really became Wjitt’s machine. 

Condenser. —Watt’s first and principal invention was that of the 
condenser. 

This name is given to a closed vessel qifite distinctYrom the 
cylinder in which the piston moves, and only connected with it by 
a tube provided with a stopcock. In this vessel cold water is 
injected, and the vapour is condensed by opening the connecting 
stopcock. Thus, as the side of the cylinSer is not cooled, all the* 
steam which enters there is utilised. 'J’hus there was effected so 
great an economy of steam, and therefore of fuel, that Watt and 
Boulton (his partner), having taken a patent, realised great profits »' 
by only requiring, for a certain number of years, a third of the saving 
in the consumption of coal, as compared wnth Newcomen’s engine. 

Sw^i^Ic-actini( engine .—In Nfliwcomen’s engine, the cylinder of 
which was open at the top, the steam only lifted the piston ; and 
then, when the steam w^as condensed, the pressure of the atmo- 
• sphere brought it down again ; whence the name atmospheric 
engine., by which it was designated. As the piston descended, air 
passed into the cylinder and cooled the sides, in consequence of 
which a portion of the vapour which entered the cylinder was con¬ 
densed until the sides were again heated. To remove this source 
of loss. Watt closed the cylinder altogether, and caused the vapoi'r 
to act above the piston, so as to make it descend ; then, by an 
arrangement of stopcocks, alternately opened and closed by the 
action of the engine itself, the steam passed simultaneously aberve 
and below the piston. This, being pressed equally in opposite 
directions, remained in equilibrium ; so that a simple counterpoise 
acting by means of a lever at the end of a piston-rod raised the 
piston again, and so on. This machine, into which the air did not 
enter, and where the atmospheric pressure did not act, was called 
the single-acting engine., to express that the steam had a useful 
action on only one side of the piston. 

The single-acting engine had the great disadvantage that it had • 
no real farce except when the piston was descending. It could, 
transmit motion to pumps for emptying mines, because, for that, 
effort in only one direction was required ; but it would not fuAiish 
a sufficiently regular motion for many industries—for cotton manu¬ 
factures, for instance. Hence Watt’s task was not completed, but 

was not long in finding another plan. 

Double-acting engine, —In this engine, one form of which we 



- 280 J Steam-engine Pumps 331 

shall presently describe, and which is represented in fig. 292, the 
cylinder is closed both at the top and at the, bottom, but the stea-m 
acts alternately on the two faces of the piston—that is to say, by 
a system of valves, opened and closed by the engine itself^ when 
the lower part of tlife cylinder communicates with the condenser, the 
. upper part is connected with the boiler, and the steam, acting 
on the piston, causes it to descend. Then, when the piston is 
at the bottom of its stroke, the parts change: the top of the 
cylinder is in connectiofi with the condenser, and the bottom with, 
the boiler ; the piston rises again, and so forth, whence results ani 
alternating rectilinear motion, which is changed into a continuous^ 
circular motion, as will be presently described (281). 

Air-pump .—completed his engine by the addition of three 
pumps, which are worked by the engine, and play an important 
part. For the cold water of the tondenser becomes rapidly heated 
by the heat which the steam gives up to it (271), and this water, 
.soon reaching 100°, would no longer condense the steam. More¬ 
over, the air, which is always dissolved in cold water, is liberated 
in the boiler, owing to the increase in temperature. Now, this air, 
passing both above and below the piston, would soon stop its 
motion. To prevent these two injurious effects, Watt applied to 
th*e engine a suction-pump, which continually withdrew from the 
■ •condenser the air fund water which tended to accumulate there. 

Feed-pump and cold-water pump .—The two other pumps which 
Watt added are the feed-pump and the cold-water pump. The 
first is a force-pump which sends into the boilers the hot water 
withdrawn from the condenser by the air-pump, thus producing a 
considerable saving in fuel. The other is a suction-pump, which 
raises, either from a well or a river, or some other source, the cold 
water intended to replace that heated in the condenser and with¬ 
drawn by the air-pump. 

Besides the important parts which have thus been described,»we 
owe to Watt the arrangement for distributing the steam alternately 
above and below the piston ; the regulator., whose function, when 
the machine works too slowly, is to admit more stcim into the 
cylinder, and, on the other hand, to diminish the quantity when the 
velocity is too great; lastly, the parallelogram^ devised by Watt, 
•which imparts to the piston-rod a rectilinear motion. It may be 
added that Watt, who began life as a philosophical-instrument 
maker, carried into the execution of these great pieces of machinery 
the same perfection as is required fer the best scientific instrument. 
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r281. Description of the double-aetii^ engine.—^We have 
already seen that the, double-acting engine is that in which the 



Fig. 392. 
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steam acts alternately above and below the piston (280). Fig. 293 
represents an engine of this kind, and fig. 29^ gives a section of the 
cylinder, of the piston, and of the distribution of steam. The entire 
engine i^s of iron. To the piston, T, is fixed a rod, A, which slides 
with gentle friction* in a tubulure, U, placed at the centre of the 
•plate which closes the cylinder (fig. 296). As it is veiy important 
that no steam shall escape between the piston-rod and this tubu¬ 
lure, the latter is formed of two pieces, one attached to the plate, 
while the other, which fits in the first, can be pressed as tightly as 
is desired, so as to compress the material soaked with fat which is 
between the two tubulures. This arrangement is called a stuffing- 
box ; it prevents the escape of steam without interfering with the 
motion of the piston-rod. 

On the two sides of the cylinder are two columns, k, k (fig. 292), 
which guide the piston-rod in it® upward and downward motion. 
The end of the piston-rod is connected with a long piece, B, called 
•the connecting-rod^ which in turn is jointed with a shorter piece, M, 
called the cranky the length of which is just half that of the stroke 
of the piston. The crank is rigidly fixed to a horizontal shafts 
D, so that it cannot move without transmitting its motion. 

By means of this connecting-rod and crank, the alternating 
rectilinear motion of the piston and of the rod is changed into a 
tontinuous circular# motion ; for the rod, during the ascent of the 
piston, acts upwards upon the crank, making it turn in the direc¬ 
tion of the arrow. When the piston is at the top of its stroke, the 
cTonnecting-rod and the crank are vertical, one in front of the other 
As the piston descends, the connecting-rod again acts, so as always 
to turn the shaft in the same direction ; and when the piston is 
at the bottom of the stroke, crank and connecting-rod are again 
vertical, but one is in the prolongation of the other. Hence it 
follows that the shaft, w'hich has made half a turn during the 
ascent, makes a second one during the descent, and thus perforins 
a complete revolution during each double oscillation of the piston. 

To transmit the motion to machinery, on the shaft, D, is fixed a 
pulley, G, on which works an endless bandy X Y, of lesfther, which 
works on another pulley fixed to the machinery to be turned. 
Moved by the first pulley, this band communicates its motion to 
the second; in this manner the motion is transmitted to all the 
workshops of a largQ factory. On the right of the fixed sheave 
G, there is a second, which is not fixed to the horizontal shaft. 
This is the loose pulley. Its object is to suspend all the motion 
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in the machine without stopping the steam-engrine. By means 
of an iron fork, nof' ueen in the figure, which encloses the band, 
the latter may be slid from the fixed to the movable pulley. As 
this pulley is not connected with the horizontal shaft, the motion 
of the latter is not transmitted to it. 

On the horizontal shaft is a very large iron wheel, V, called the 
fly-wheel^ which is necessary for keeping up the motion ; for each 
time that the piston is at the top or bottorn of its stroke, there is a 
momentary arrest, during which the motion of the whole machine 
tends to stop. These are called the dead points. It is then that 
the fly-wheel, in virtue of its inertia and of its acquired velocity, 
moves the horizontal shaft, and thus keeps up a regular motion. 

282. Excentric. Slide-valve.—The excentric is an arrange¬ 
ment by which a continuous circular motion is changed into an 
alternating rectilinear motion. •It is very frequently used in 
machinery. 



• Fig. 293. Fig. 294. 


One of these is fitted to the horizontal shaft at E, and the other 
at r (fig. 292). Theiormer works the feed-pump^ and the latter the 
slide-valve. The action of each is the same. Figs. 293 and 294 
represent it on a larger scale, in two exactly opposite positions. It 
dXisists of a circular piece, KE, fixed to the horizontal shaft, but 
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in such a manner that the centre of rotation does not coincide with 
the centre of the piece ; the latter being at C/the former at O. It 
follows from this construction that the point ^ constantly describes 
a .circle about O, which is represented in the drawing by a dotted 
line, riencc, in dach half-turn it passes from the position 
represented in fig. 293 to tliat represented in fig. 294, and vice 
vcrsA. 

To use this motion, the exccntric is surrounded hy 2k collar^ mn, 
•in which it can turn freely like an axle in its box ; hence, during 
the rotation of the horizontal shaft, the collar shares the ascend¬ 
ing and descending motion of the point C, but not its rotatoj^ 
^motion. The excentric alone turns, the collar only rises and 
sinks. By thus transmitting its motion to a rod, z, it works the 
valve-chest, or the feed pump. 

Slide-valve. —We have still to clescribe the slide-valve and valve- 
chest. the arrangement by which steam passes alternately above and 
below the piston. Figs. 295 and 296 present a vertical section of 
these parts and of the cylinder. The steam enters the valve-chest' 
from the boiler by the brass tube x. P'rom the valve-chest 
two conduits, a and //, are connected with the cylinder, one above 
and the other below. If they were both open at once, the steam, 
actmg equally on the two faces of the piston, would keep it at 
rest. But one of th«se is always closed by the slide-valz>etj/, fixed 
to a rod, i. This moves alternately up and down, by means of the 
excentric, e (fig. 292), on the horizontal shaft as described above. In 
fig. 296 the slide-valve closes the conduit a, and, allowing the 
steam to enter at below the piston, the latter rises. But when 
it reaches the top of the stroke the excentric passes from the 
position represented in^fig. 293 te that in fig. 294 ; hence the rod $ 
sinks, and with it the slide-valve, which then closes the conduit 
and allows the steam to enter at a (fig. 295). The piston then 
sinks, and so forth at each displacement of the slide-valve. 

In completing this account of the manner in which steam is dis¬ 
tributed, it remains to explain what happens when the steam presses 
.below the piston (fig. 296). It must not remain above,‘otherwise 
the piston could not move. But while the steam enters below by 
thq conduit the top of the cylinder, by means of the conduit a, is 
connected with a cavity, O, from which passes the tube L (fig. 292). 
Through this tube the steam which has already acted upon the 
piston passes into the atmosphere, or else is condensed in a vessel 
filled with cold water, which has been already mentioned—the 
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condenser (280). If, on the other hand, the piston sinks, the slide- 
valve being in the position of fig, 295, the vapour below the piston 
passes, by the conduit b, to the cavity O, and to the tube L. ‘ •* 
383. Regfulator or governor.—The object of this arrangement 
is to regulate or govern the quantity of steam which reaches the 
valve-chest, increasing it when the machine works too slowly 
and diminishing it when it works too rapidly. It consists of a 
parallelogram, kr (fig. 292), each angle of which is jointed. A 
toothed bevelled wheel, a, connected with the horizontal shaft, 

transmits its mo¬ 
tion to a sim'lar 
wheel, 3, fixed to 
the rod, r, which 
supports the par¬ 
allelogram. This 
turns, then, with 
the rod the more 
rapidly the greater 
the speed of the 
shaft. Ilut the 

two upper arms 
arc piovidcd with 
solid balls, m 

and n ; moreover, 
a socket, r, to 
which aie at¬ 
tached the two 

lower arms, is not 
fixed to the rod 
r, but can glide 
along it. Hence 
the centrifugal 
force (31) acting 
on the balls m and n makes them diverge, the parallelogram 
opens and the socket rises It transmits its motion to a lever, j, 
the short arm of which, being towered, presses upon a long rod, /. 
This, inclining the lever O, effects a small rotation in a valve 
placed in the tube ,r, by which steam comes (figs. 295, 296). 
This valve, by opening or closing, admits more or less steam. 

284. Feed-pump.—The object of this, as its name implies, is to 
the water in the boiler as fast as it evaporates. In fig. 292 
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this pump, placed at Q, on the left of the drawing, receives its 
mopon from an excentric by means of a log^T rod, and it works 
both as cold-water pump and as feed-pump ; as cold-water pump, 
inasmuch as it withdraws water from a well by a suction-pipe placed 
below thb engine ; and as feed-pump by its then forcing water 
Vjto the boiler by the pipe R. 

285. Various kinds of steam-engines.—A low pressure engine 

IS one in which the pressure of the steam is not m^ch more than 
that of an atmospheie ; ahd a high-pressure engine is one in whieh 
the pressure of the steam usually exceeds this amount considerably. 
Low-pressure engines are mostly toruiensirtg engines —in other 
^'ords, they generally have a condenser where the steam becomes 
condensed after having acted on the piston: on the other hand, 
high-pressure engines are frequently without a condenser ; the 
locomotive is an example. • 

If the communication between the cylinder and the boiler 
remains open during the whole motion of the piston, the steam 
retains pi.ictically the srime pressure, and is said to act without' 
expamion \ but if, by a suitable arrangement of the slide-valve, tlie 
steam ceases to pass into the cylinder when the piston is at ^ or 
of its c ourse, then the steam expands —that is to say, in virtue of 
its efastir force, which is due to the high temperature, it still acts 
oil* the piston .ind c au^s it to finish its course. Hence a distinction ' 
is made between, engines expanding and non expanding with 
steam. 

The principle of expansion is not applicable to low-pressure 
engineih, for the plastic force of the steam is not great. But for high 
or mean-pressure engines it not only effects a great saving in steam, 
and therefore in fuel, but it regulates the motion, by diminishing 
the pressure the moment the acquired velocity of the piston tends 
to increase. 

286. Work of an engine. Horse-power.--The work of an* 
engine is measured by the mean pressure on the piston, multiplied 
by the area of the piston, multiplied by the length of the stroke. 
^11 ^England the unit of work is the foot-pound—that is, flhe work 
performed in raising a weight of one pound through a height of 
a foot! Thus, to raise a weight of 14 pounds through a height 
of 20 feet would require 280 foot-pounds. In France the hilogram- 
metre is used—ihat is, the work performed in raising a kilo¬ 
gramme through a metre. This unit corresponds to 7'233 foot¬ 
pounds. 
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The rate of work in machines is the amount of work performed 
in a given time—■'aAsecond or an hour, for example. In England 
the rates of work are compared by means of korse-po 7 uer, which is 
a conventional unit, and represents 33,000 foot-pounds per minute 
or 550 per second. In France a similar unit is used, called the 
cheval-vapettr^ which represents the work performed in raising 75 
kilogrammes through one metre in a second. It is equal to about 
542 foot-jiounds per second. 

Thus, suppose a steam-engine with S. piston the area of which 
is 30 scjuaie inches, and its length of stroke 18 inches, and that it 
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makes 84 up and down strokes in a minute. Suppose, further, that 
the mean pressure on the piston is equal to 14 pounds on a square 
inch. The work that the steam-engine perfoims is equal, to 
30 X 14 X 84 X 2 X - 105,840 foot-pounds per minute. From this 
must be deducted the work expended in overcoming the friction of 
the machine, working the pumps, etc. Taking these at 35 per 
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cent, there remains a useful effect of 68,796 foot-pounds per 
miftute, which, from what has been shid abovt, represents about 2 
horse-powei. 

287 Steam-boiler.—We have still to describe the steam-boiler, 
or the aiiangement by which the steam is generated, and its various 
afccessones Fig 297 gnes a longitudinal and fig. 298 a transverse 
settion of a steam-boiler and its fuinace The steam boiler con¬ 
sists of a lonj wrought iign cylinder, PQ, with hemispherical ends 
Below are two c>lindcis, U B, of smaller diametei, which are called 
Jieater^^ and which aic connected with the boiler by two strong 
^ubes The object of these heateis is to expose a greater surface 
to be heated They are full of water, as also are the tubes which 
connect them with the boiler, which is only half full 

1 he feed watei, sent by the pump, Q (fig 292), leaches the boiler 
by a pipe, n (fig 297), which passes to the bottom to prevent 
cold watei fiom condensing steam , a second pipe, w, leads the 
steam to the xalve chest In 
the middle of the boiler is an 
oval hole, called a manhoh^ the 
objett of vhich is ^o illow 
woiLmen to enter the boilei 
when It needs lepairs Ihis 
hole, as well as two fTont ones, 

■ B B, of the heaters, is closed 
by w hat is called an autoi lave 
^ere the cover, instead of being 
SflNthC^iitside'is on the inside 
\ sciew, T, fixed to this covei 
makes it pi ess against the sides , 
and as the piessure of the steam 
acts in the same direaion, the 
greatei the pre.sure, the more 
tightly is the vessel closed 

The furnace m which the 
boiler lb placed is so constructed 
as to*cause the heat to act upon a large suiface, and to render the 
combustion as complete as possible The pioducts of combustion * 
pa'ss into tall chimneys, which from then gieat height increase the 
draught and thereby promote combustion 

288 Float.—This is a small apparatus, the object of which is 
to show the level of water in the boiler It consists of a lever. 
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at one end of which is a piece of stone, F', and at the other a 
counterpoise, a 297). The mass F' weighs more than 'the 
counterpoise a\ but, as it is immersed in water, and thus loses 
part of its weight (106), it is in equilibrium, and the lever is horizontal 
so long as the level of water is at the desired height. But it sinks 
when there is too little water, and rises in the contrary direction 
when there is too much. Guided by these indications, the stoker 
can regulate the supply of water. ^ 

289. Safety-valye.— -I'he pressure of steam in the boiler is 
measured by means of the manometer (145). But this instrument 
would not prevent explosions if its indications were neglected. 
Hence safety-valves are placed on boilers similar to that which' 
Papin adopted in his digester (264). Fig. 299 represents on a 
larger scale one of these valves. It consists of a metal stopper, 
f, closing a tubulure. A, fixed oli the boiler. To prevent this from 
sticking to the sides, the metal stopper is hollowed on three sides, 

_ as seen at S. It thus more resembles a clack-vaU e than an ordinary 

stopper. On the piece rests a 
movable lever, ah^ loaded with 
a weight, p. By moving this 
along the lever the load on the 
valve can be modified at >\ill. 
h'or this* purpose marks are 
placed w'hich indicate the posi¬ 
tion of the load corresponding 
to given pressures. Thus 
suppose it is desired 
pressure shall not exceed five 
atmospheres, the weight is placed at the division 5 on the lever. 
Then, as long as the pressure is less than five, the safety-valve 
remains closed; but iPthe pressure exceeds this amount, the 
Valve opens and gives exit to the steam, thus preventing an 
explosion. 

290. Safety-whistle. —This is another safety apparatus, which 
indicates at a distance when the level of water in the boiler is too 
low. It consists of a float, F (fig. 300), supported by a lev^T, ih^ 
which moves about the joint c\ a counterpoise,/, balances’the 
8bat, and a small conical stopper, <1, fixed to the lever, closes a 
tubulure on the boiler. This tubulure is closed at the top by two 
hollow hemispheres. In the centre of the lower one is a disc, which 
does not quite reach the edges. Between the two hemispheres is 
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a circular interval, through which vapour escapes when the cone a 
do^s not close the tubulure. , 

• As long as the water Is at the right height the float F is raised, 
and presses the cone against the tubulure ; but if the level sinks, 
the float'sinks, and with it tlie cone. The steam escapes round the 
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* disc r, and gives a very acute sound in striking against the edges 
of the upper hemisphere, which are bevelled. The system con- 
‘;^itutes, in fact, a short stopped organ-pipe, yielding therefore a 
vc?f'aeute sound (202). 

On locomotives a similar whistle enables the driver to signal 
at a great distance by opening a stopcock, which allow s the steam 
to escape. 
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CHAPTER XI 


HYOROMETRY 


291. Hygrometry.—The province of hygroinetry\'& lo determine 
the quantity of aqueous vapour or moisture contained in a given 
volume of air. The quantity is very variable ; the atmosphere^ 
can scarcely ever be said to be completely saturated with \ apour, 
even in our climate. Nor is it ever completely dry ; for if hygro¬ 
scopic substances is to Si^y, substances with a great affinity 
for water, such as calcium chloride, sulphuric acid, quicklime, 
etc.—be at any time exposed to the air, they absorb more or less 
aqueous vapour. 

The humidity does not depend on the absolute quantity ot 
aqueous vapour present in the air, but on the greater or less 
distance of the temperature of the air from that at which the vapour 
would be saturated. Thus, if a cubic yard of air contains 150 grains 
of moisture, this weight represents the absolute cyji?cs\\\\y of moisture 
present; if the air is at a temperature of 20° C., the quantity of 
moisture it could contain in a state of saturation is 204 grains ; the 


ratio of these two quantities, 152 = 0735, represents the relative 

humidity or the hygrometric state. Under these circumstances we 
should say that the air is nearly three-quarters saturated. When 
the air is cold, it may be moist with very little vapour, and, on the 
contrary, when it is wafbi, it may be very dry, even with a large 
quantity of vapour. In summer the air usually contains more 
aqueous vapour than in winter, notwithstanding which it is less 
moist, because as the temperature is higher the vapour is farther 
from its {Joint of saturation. When a room is warmed, the quantity of 
moisture is not diminished, but the humidity of the air is lessened, 
because its point of saturation is raised (265). The air may thus 
become so dry as to be injurious to health, and accordingly vessels 
of water are frequently placed on the stoves used for heating. 

The quantity of vapour contained in the air varies greatly with 
the seasons, the climate, the temperature, and various local causes. 
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A mean degree of moisture is best suited to the animal economy. 
In a state of great dryness—as in the case^for instance, during the 
prevalence of north-east winds~the transpiration through the skin is 
too abundant; the skin dries up and chaps, and general discomfort 
ensues. ’In an atmosphere which is too moist, transpiration is 
slower, and a feeling of depression and heaviness is felt. Hence it 
is necessary to regulate in a suitable manner the moisture of 
dwelling-rooms, so as to avoid these two extremes. 

292. Hygjoscopes.—There are two classes of instruments by 
which the hygrometric state of the air may be ascertained. One 
class, called hygroscopes^ simply tell whether the air is more or 
•less moist, but give no indications as to the quantity of moisture it 
contains ; others, called hygrometers^ enable us to measure it with 
some accuracy. 

All substances which absorb aqueous vapour, like common salt 
and many others known as deliquescent salts^ may serve as hygro- 
sropes. This is also the case w ith a great number 
of animal and vegetable substances, such as paper, 
parchment, whalebone, hair, catgut, etc., which 
lengthen as the air becomes moist, but contract 
as it becomes dry, and thus give an indication of 
the* greater or less ejuantity of vapour in the aii. 

The spiral awn** of certain geraniums which iinioll 
in moist air may serve as hygiosiopes. 

A branch of pine which has been peeled, and 
the stouter end of which is fixed in a wall, indi¬ 
cates changes in the moisture of the an by its 
gitfater or les*s curvature. 

A great number of instruments have been con¬ 
structed on this principle which serve as hyg-o- 
scopcs. One, which is sometimes useful, is the 
hair 01 Saussttrds hygroscope. It consists of a 
brass frame (fig. 301), on which is fixed a haii, r, 
fastened at the top in a clamp, a. The lower part 
of the hair passes round a pulley, 0^ and supports 
* a small weight, p. To the pulley is attached an 
in^^x which moves over a graduated scale. When the humidity 
0/ the air increases, the hair becomes longer and the point of the 
index moves down. With a drier atmosphere the hair shortens 
and the point rises. 

To this class of hygroscopes belong the chimney ornaments. 
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one of the most common forms of which is that of a small male 
and female figure, so arranged in reference to a little house, with 
two doors, that when it is moist the man goes out, and the woman 
goes in, and vice versd when it is fine. They are founded on the 
property which twisted strings or pieces of catgut possess of un¬ 
twisting when moist, and of twisting when dry. 

As these hygroscopes only change slowly, their indications are 
always behindhand with the state of the weather; nor are they, 
moreover, \ cry exact. • 

293. Hygrometers.—The most exact of all hygrometers is the 
chemical hygrometer. This consists essentially of an arrange¬ 
ment by which a measured volume '* 
of air is passed through a series 
of drying tubes—that is, lubes 
cpntcaining some hygroscopic sub¬ 
stance, such as calcium chloride, or 
pumice saturated with sulphuric 
acid. These tubes, having been 
previously weighed, are weighed 
again after the operation ; an in¬ 
crease of weight is observed, which 
is due to the moisture absorbed by 
the hygroscopic substance, and this 
increase represents the weight of 
the moisture in the volume of air 
taken. 

This method is very exart, bi^ 
it is both difficult and tediour of 
execution. 

More convenient than the above 
are what are called condensation hy- 
^ Fig. 302. grometers^ in which the vapour of 

the atmosphere is made to condense on a body artificially cooled. 
This may be illustrated by having a small cup of polished metal in 
which aretplaced some water, a lump of ice, and a delicate thermo¬ 
meter. When the vessel gradually cools in a moist atmosphere, the 
layer of air in immediate contact with it cools also, and a jioint 
is ultimately reached at which the vapour present is just sufficient to 
saturate the air: the least diminution of temperature then causes a 
precipitation of moisture on the cup in the form of dew. When the 
temperature rises again, the dew disappears, and the mean of these 
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two temperatures is taken as the dew-point. The hygrometer of 
Dines is based on this principle. 

• A good example of an instrument of this class is met with in 
DanieWs hygrometer. This consists of two glass bulbs at the ex¬ 
tremities of a glass tube bent twice (fig. 302). The bulb A is two- 
thirds full of ether, and a very delicate thermometer dips in it; the 
rest of the space contains nothing but the vapour of ether, the ether 
having been boiled before the bulb B was sealed. The bulb B 
is covered with muslin, and ether is dropped upon it. The ether 
in evaporating cools the bulb, and the vapour contained in it is 
condensed. The internal pressure being thus diminished, the ether 
‘in A form^ vapours which condense in the other bulb, B. In pro¬ 
portion as ether distils from the lower to the upper bulb, the ether 
in A becomes colder, and ultimately the tempera¬ 
ture of the air in immediate contact with A sinks 
to that point at which its vapour is just more than 
sufficient to saturate it, and the excess is accord¬ 
ingly deposited on the outside as a ring of dew 
corresponding to the surface of the ether. 7 'he 
temperature of this point is noted by means of 
the theimometer in the inside. The addition of 
ether to the bulb B is then discontinued, the tem¬ 
perature of A rises, and the temperature at which 
the dew disappears is noted. In order to render 
the deposition of dew more perceptible, the bulb A 
. is made of black glass. 

TJhese two temperatures having been deter¬ 
mined, their mean is taken as that of the dew-point. 

The temperature of air at the time of the experi¬ 
ment is indicated by the thermometer on the stem. 

The vapour pressure, /, corresponding to the tem¬ 
perature of the dew-point, is then found in the table 
of pressures (265). This pressure is exactly that of 
the vapour present in the air at the time of the 
. experiment. The pressure, F, of vapour saturated 
at t^e temperature of the atmosphere is found by means of the 
same table ; the quotient, obtained by dividing f by F, represents 
the hygronietric state of the air. For instance, the temperature of 
the air being 15°, suppose the dew-point is 5®. From this table 
the corresponding pressures are 6*53 millimetres, and F « 1270 
millimetres; hence, the hygronietric state = /]F »0-514. 
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A very convenient form of hygrometer, and one the use of which 
is rapidly extending, is that known as psychrometer or wet-bulb 
hygrometer^ which is based on the principle that a moistened body 
evaporates in the air more rapidly in proportion as the air is drier 
(260), and, in consequence of this evaporation, the tempei*ature of 
the body sinks. The application of the principle to this purpose, 
was first suggested by Leslie. The form of the apparatus usually 
adopted in this country is due to Mason. It consists of two delicate 
thermometers placed on a wooden stand* (fig. 303). One of the 
bulbs is covered with muslin, and is kept continually moist by 
being connected with a reservoir of water by means of a string. 
Unless the air is saturated with moisture, the wet-bulb thermometer 
always indicates a lower temperature than the other, and the dif¬ 
ference between the indications of the two thermometers is greater 
in proportion as the air is drier. » 

According to Glaisher, the temperature of the dew-point may 
be obtained by multiplying the difference between the tempera¬ 
tures of the wet and dry bulbs by a factor which depends on the 
temperature of the air at the time of observation, and subtracting 
the product thus obtained from this last-named temperature. The 
following are the numbers :— 


Dry-bulb 
temperature F.° 

j 

Factor 

Dry-btjlb 
tcmpeniture F.® 

Factor 

Below 24® 

8-5 

34 to 35° 

2‘6 

24 to 25 

7*3 

35-40 

2*5 

25—26 

6-4 

40—45 


26—27 

6-1 

45-50 

2-1 

27—28 

5*9 

50-55 

2*0 

28—29 

1 57 

55—60 

1-8 

29—30 ^ 

^ yo 

60-6S 

r8 

30—31 

4*6 

65—70 

1*7 

31—32 

3-6 

I 70—75 

1*5 

* 32—33 

3*1 

75—80 

1*3 

33—34 

f 

2-8 

80-85 

ro 


These are often known as Glaisher^s factors. The temperatures 
are expressed^on the Fahrenheit scale. As an example: if the 
temperature of the wet bulb is 49® and that of the dry bulb 54?, 
then the dew-point is 44°—that is, at this temperature the moisture 
present in the atmosphere would be just sufficient to saturate it. 
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CHAPTER XII 

METEOROLOGICAL PHEN 0 MP:NA WHICH DEPEND UPON HEAT 

294. Meteorology.—Meteorology is that branch of physics 
which is concerned with the phenomena which occur in the atmo¬ 
sphere—such, for instance, as variations in the temperature of the 
air, wind, rain, storms, electric pl^nomena, etc. 

295. Mean temperature.—The mean daily temperature^ or 
^simply temperature^ is that obtained by adding together 24 hourly 
observations and dividing by 24. A very close approximation to 
the mean temperature is obtained by taking the mean of the 
highest and lowest temperatures of tlie day and of the night, which 
are determined by means of maximum and minimum thermometers 
(221). These ought to be protected from the sun’s rays, raised 
above the ground, and be far from all objects which might influence 
them by their radiation. The lowest mean daily temperature is at 
4 A.M., and the highest at 2 P.M. 

The temperature of a month is the mean of those of 30 days, and 
^th&demperature of a year is the mean of those of 12 months. The 
higivest mean monthly temperature is in July, and the lowest in 
Januaiy. The temperature of a place is the mean of its annual 
temperature for a great series of years. The mean temperature of 
London is io'35° C., or 50*63' F. The temperatures in all cases 
are those of the air, and not those of the ground. 

296. Causes which modify the temperature of the air.—Tl^e 
principal causes which modify the temperature of the air are the 
latitude of a place, its height—that is, its distance above sea-level— 
the direction of the wind, and the proximity of seas. 

, ^Influence of the latitude. —The temperature of the air and of the 
ground diminishes from the equator towards the poles. This is 
due to the fact that the sun’s rays, which are vertical at the 
equator, are more and more inclined as we come nearer the poles. 
Now, the more acute is the angle under which the rays of heat fall 
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upon a body, the less is the body heated ; hence the heat absorbed 
decreases from the equator to the poles. Yet, as in summer the 
days are longer as we get nearer the north, the loss due to the 
increasing obliquity of the sun is partially compensated by the 
sun remaining longer above the horizon. Under the fequator, 
where the length of the days is constant, the tem]>erature is almost 
invariable ; in the latitude of London, and the more northerly 
countries, where the days are very unequal, the temperature 
varies greatly ; but in summer it sometimes rises almost as high 
as under the equator. The lowering of the temperature produced 
by the change in latitude alone is small ; thus, at a distance of 115 
miles north of London the average temperature is only i*” C. 
lower. 

Influence of height. —The height of a place above the sea 
level has a much more considerable influence on the temperature 
than its latitude. In the temperate zone an ascent of 540 feet cor¬ 
responds to a diminution in the average temperature of 1° C. 

The cooling as we ascend in the atmosphere has been observed 
in balloon ascents, and a further proof of it is seen in the perpetual 
SHOW'S which coyer the highest mountains, even in the torrid 
zone. The height at which snow remains unmelted through the 
year, which is known as the mow line., or line of perpetual snow., 
differs in different places. On the Andes it commences at a 
height of 14,760 feet, on the Alps at 8,880 feet, and in Iceland at 
3,070 feet. 

Direction of winds. —As winds share the temperature of the 
countries which they have traversed, their direction expreises ^leat 
influence on the temperature in any place. In our climate the hottest 
winds are the south, then come the south-east, the south-west, the 
west, the east, the^north-w'est, north, and, lastly, the north-east, 
which is the coldest. The character of the wind changes with the 
seasons: in continental Europe the east wind, which is cold in 

;; winter, is hot in summer. 

("> Proximity of sea, —^The neighbourhood of the sea tends to 
render the temperature of the air uniform, by w'arming it in winter 
and cooling it in summer. The average temperature of the sea in 
equatorial apd polar countries is always different from that of the 
atmosphere. With reference to the uniformity of the temperature, 
it has been found that in temperate regions—that is, from 25 to 50 
degrees of latitude—the difference between the maximum and 
minimum temperature of a day does not exceed, on the sea, 2° to 
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3° C., while upon land it amounts to I2° to 15’. In islands the 
uniformity of temperature is maintained, even during the greatest 
heats. In continents, on the contrary, the winters for the same 
latitudes become colder, and the difference between the temperatures 
of summer and winter becomes greater. 

297. Gulf Stream.—A similar influence to that of the winds is 
exerted by currents of warm water. The mildness of the climate in 
the north-west of Europe is usually assigned to one of these—the 
(Julf Stream. This great body of water, taking its origin in equa* 
torial regions, flows through the Gulf of Mexico, whence it derives 
its name ; passing by the southern shores of North America, it 
makes its way in a north-westerly direction across the Atlantic, and 
finally washes the coast of Ireland and the north-west of Europe 
generally. It traverses 3,000 miles in about seventy-eight days. Its 
temperature in the Gulf is about* 28° C., and is generally a little 
more than 5'^ C. higher than the rest of the ocean, on which it 
iloats owing to its lower specific gravity. To its influence is due 
the milder climate of western Europe as compared with that of the 
opposite coast of America ; thus, the River Hudson, which is in the 
same latitude as Rome, is frozen during three months in the year. 
It also causes the polar regions to be separated from the coast of 
Europe b)' a girdle of open sea ; and hence the harbour of Hammer- 
fest is open the year round. Resides its influence in thus moderating 
climate, the Gulf Stream is an important help to navigators. It 
has been calculated that the amount of heat which is transported 
by the (iulf Stream from tropical America towards the east is 

tii,keep constantly melted a mass of iron equal to the 
volume of the Mississippi. 

298. Isothermal lines.—When all the points on a map whose 
temperature ivS known to be the same are joined, curves are obtained 
which Humboldt first described, and which he called isothermal 
lines. If the temperature of a place only varied with the obliquity 
of the sun’s rays—that is, with the latitude—isothermal lines would 
all be parallel to the equator ; but as the temperature is influenced 

, by many local causes, especially by the height above th 5 sea-level 
and.the distribution of land and water, the isothermal lines are 
always more or less curved. On the sea, however, they are almost 
parallel. A distinction is made between isothermal lines^ isotheral 
lineSj and isochiinenal lines^ where the mean general,, the mean 
summer, and the mean temperatures are respectively meant. 

The maps fiicing pages 350, 352, and 354 represent these sets of 
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lines respectively. An isothermal zone is the space comprised 
between two isothermal lines. 

299. Climate. —By the climate of a place are understood the 
whole of the meteorological conditions to which a place is subjected, 
its mean annual temperature, summer and winter temperatures, 
and the extremes within which these are comprised. Some writers 
distinguish seten classes of climate according to their mean annual 
temperature—a hot climate^ from 30° to 25° C. ; a %varm climate^ 
from 25® to 20° C.; a mild climate^ from 20° to 15° C.; a temperate 
climate^ from 15° to 10° C. ; a cold climate^ from 10° to 5° C. ; a 
very cold climate^ from 5® to zero ; and an arctic climate^ re 
the temperature is below zero. 

Those climates, again, are classed as constant climates^ such as 
the Havannah and Quito, where the difference between the mean 
summer and winter temperatureii does not exceed 6° to 8°. In the 
Canary Islands the mean summer temperature is 23°'4 and that of 
winter 18°, so that the difference is less than 6°. Variable climates^ 
such as those of Paris and London, where the difference amounts 
to from 16® to 20® ; and extreme climates, such as those of Pekin 
^nd New York, where the difference is much greater. Island 
sclimates are generally but little variable, as the temperature of the 
sea varies little ; and hence there is a great difference between a 
land and a sea climate (296). The former Is characterised by a 
greater range of temperature than the latter. Thus the difference 
between the mean temperatures of summer and winter is ii°;it 
Cherbourg, 15° at Paris, and 20® at Vienna, although they arc 
practically in the same latitude. In the north-east of Irelafv^icc 
scarcely forms in winter, and the myrtle flourishes as in Portugal ; 
yet Ireland is in the same latitude as Konigsberg in Prussia, where 
the mean annual t^perature is 5° C., the range being from — 3°*5, 
the mean monthly temperature in January, to I3®’6, that of July. 
Winter in Plymouth is not colder than in Florence or Montpellier, 
yet grapes do not flourish there in the open air ; for while they can 
stand a somewhat severe cold in winter, they require a hot summer 
to become ripe. In Irkutsk in Siberia, where the ground is con¬ 
stantly frozen at a depth of three feet, oats and rye can be grown, 
for the short but hot summer is sufficient to ripen them ; while* in 
Iceland, where the mean annual temperature is much higher, and 
the cold in winter is inconsiderable, no cereals can be grown, for 
the low summer temperature is insufficient to bring them to 
maturity. 
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The reason of this is that the land absorbs and radiates heat 
easily; it thus becomes more easily heated and more rapidly 
eddied than the sea, which, mainly from its great specific heat (276), 
is not so rapidly heated, but, on the other hand, does not part so 
soon again with the heat it has acquired. 

. Again, part of the heat which falls on the sea is consumed in 
forming vapour on the surface. 

But the temperature is by no means the only characteristic which 
influences the climate of a place; there is, in addition, the influence 
of aqueous vapour in the air in the neighbourhood of seas, and 
j)articularly that of clouds, w'hich are more frequent near coasts ; 
they temper the ardour of the sun by day, and diminish the loss of 
heat which the earth experiences by radiation at night. To these 
climatic influences must be added the quantity and frequency of 
rain, the number of storms, the dirfction and intensity of the winds, 
and the nature of the soil. 


roG. R.\IN. DEW 

500. Fogs and mists.—When aqueous vapour, rising from a 
vessel of boiling water, diffuses in the colder air, it is condensed ; 
a sort of cloud is formed, which consists of a number of minute 
droplets of water, wjiich remain suspended in the air. These 
are usually spoken of as vai)Our, yet they are not so, at any rate 
not in the physical sense of the word ; they are, in reality, con¬ 
densed vapour, but, from the minute weight of the individual 
parflaks ixt comparison wdth their great surface, cannot overcome 
the comparatively great resistance of the air, they sink very slowly, 
and are even driven upwards by the lightest current of air. 

When this condensation of aqueous vapour is not produced by 
contact with cold solid bodies, but takes place throughout large 
regions of the atmosphere, the effect is to form /cgs or mists, which 
in fact are nothing more than the appearance seen over a vessel of 
hot water. 

A chief cause of fog consists in the moist ground being at a 
higher temperature than the air. Such fogs are of frequent occur¬ 
rence in autumn. The vapours which then rise, condense and 
become visible. In all cases, however, the air must have reached 
its point of saturation before condensation takes place. Fogs are 
also produced when a current of hot and moist air passes over land 
or water at a lower temperature than its own, for then, the air being 
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cooled, as soon as it is saturated, the excess of vapour present is 
condensed. In this way are formed the winter fogs. 

The distinction between mists and fogs is one of degree rather 
than of kind. A fog is a very thick mist. 

When water is coated with a layer of coal-tar, it is prevented 
from evaporating. Frankland ascribed the dry fog met with in 
London to the large quantities of coal-tar and paraffine vapour 
which are sent into the atmosphere, and which, condensing on the 
particles of fog, prevent their evaporation. 

Aitkin has shown that aqueous vapour never condenses unless 
some liquid or solid is present on which it is deposited. Particles 
of dust in the air which are always present though invisible are the’ 
nuclei for clouds and fogs. This he showed by passing steam into 
air which had been filtered by passing through cotton wool ; it 
remained quite clear, while a Jurbidity was produced under the 
same circumstances in unfiltered air. The density of the cloud 
was found to depend on the number of particles of dust in the air, 
A most abundant source of dust is the combustion of coal. The 
sulphur in the coal in burning also forms sulphurous acid, which, 
though a gas, is found to act as a nucleus, as in its formation it 
probably carries with it some excessively minute particles of un¬ 
burnt sulphur. 

301. Clouds.— Clouds are masses of vapour condensed into 
water particles of extreme minuteness, like fogs and mists, from 
which they*difier only in occupying the higher regions of the atmo¬ 
sphere ; they always result from the condensation of vapour which 
rises from the earth or the sea. There is no esscntkil diQhrchce * 
between a fog and a cloud ; a cloud is a fog at a great height; a 
fog is a cloud low down or on the ground. An observer in a valley 
sees the peak of a mqpitain enclosed by a cloud, while one on the 
summit sees himself surrounded by a fog. According to their 
£q)pearance, they have been divided by Howard into four principal 
kinds : the nimbus^ the stratus^ the cumulus^ and the cirrus. These 
four kinds are represented in fig. 304, and are designated respec¬ 
tively by One, tw^o, three, or four birds on the wing. 

The cirrus consists of small whitish clouds, which have a fibrous 

" ^ I 

or wispy appearance. The name of mares’-tails, by which they are 
generally known, well describes their appearance. Of all clouds 
these are the highest, for they present the same appearance on the 
tops of high mountains as they do in valleys. Their height has 
been determined at about 27,000 feet. From the low temperature 
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of the spaces which they occupy, it is more than probable that 
cirrus clouds consist of frozen particles j and hence it is that 
halos, coronae, and other optical appearances, produced by refrac¬ 
tion and reflection from ice-crystals, appear almost always in these 
clouds arid their derivatives, more particularly cirro-stratus. Their 
appearance often precedes a change of weather. 

Cumulus clouds are rounded forms which look like mountains, 
piled one on another, and are also known as wooipack cloud. 
They are more frequent in summer than in winter, and, after being 



Fig. 304. 


formed in the morning, they generally disappear towards evening: 
If, on the contrary, they become more numerous, and especially 
jf surmounted by cirrus clouds, rain or storms may be Expected 
‘ Their height varies from 4,450 to 5,190 feet. 

Stratus clouds consist of very large and continuous horizontal 
sheets, which chiefly form at sunset, and disappear at sunrise. They 
are frequent in autumn and unusual in springtime, and are lower 
than the preceding. The height is about 680 yards. The stratus 
is generally a fine-weather cloud. 
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The nimbus or rain clouds, which are sometimes classed as one 
of the fundamental varieties, are properly a combination of the 
three preceding kinds. They affect no particular form, and are 
solely distinguished by a uniform grey tint, and by fringed edges. 
They are indicated on the right of the figure by the presence of 
one bird. Their height varies from about 3,600 to 7,000 feet. 

The fundamental forms pass into one another in the most varied 
manner; Howard has classed these transitional forms as drro- 
cumulus^ cirro-stratus^ and lumulo-stratusy and it is often very 
difficult to tell, from the appearance of a cloud, which type it most 
resembles. The cirro-cumulus is most characteristically known 'is 
a ^mackerel sky it consists of small roundish masse.s, disposed 
with more or less regularity and connection. It is frequent in 
summer, and attendant on warm and dry weather. Cirro-stratus 
appears to result from the subsidence of the fibres of cirrus to a 
horizontal position, at the same time that they approach each 
other laterally. The form and relative position when seen in the 
distance frequently give the idea of shoals of fish. The tendency 
of cumuh-straius is to spread, settle down into the nimbus^ and 
finally fall as rain. 

The height of clouds vanes greatly, being much higher in 
summer than winter. (^ay-Lussac, in his balloon ascent, at a 
height of 23,000 feet observed cirrus clouds above him, which 
appeared still to be at a considerable height. In Ethiopia M. 
d’Abbadie observed storm clouds whose height was only 690 feet 
above the ground. 

In order to explain the suspension of clouds in the atmosphere ' 
Halley supposed that clouds are formed of an infinity of extremely 
minute vesicles, hollow, like soap-bubbles, filled with air which is 
hotter than the surlkiunding air ; so that these vesicles float in the 
air like so many minute balloons. At present it is held that clouds 
«and fogs consist of extremely minute droplets of water, w'hich are 
retained in the atmosphere by the ascensional force of currents of 
hot air, just as light powders are raised by the w'ind. Ordinarily, 
clouds do not appear to descend, but this absence of downward 
motion is only apparent. In fact, clouds do usually fall slowly, but 
then the lower part is continually dissipated on coming in contact 
with the lower and more heated layers : at the same time the upper 
part is always increasing from the condensation of new vapours, 
so that from these two actions clouds appear to retain the same 
. height. A cloud, indeed, is not something fixed and unchanging ; 
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it exists only in its formation and in its cessation ; it is not a pro¬ 
duct, but a process. At night when there are no ascending currents 
the clouds do seem to fall. 

302. Formation of clouds.—Many causes may concur in the 
formatidh of clouds. 

, i. The low temperature of the higher regions of the atmosphere. 
For, owing to the solar radiation, vapour is continually being dis¬ 
engaged from the earth and from water, and from its small density 
rises in the atmosphere ; meeting there continually colder and 
colder layers of air, it becomes saturated, and then, condensing in 
extremely minute droplets, gives rise to clouds. 

* ii. The hot and moist currents of air rising during the day un¬ 
dergo a gradually lower pressure, and in expanding are cooled and 
the water vapour they t arry with them is condensed. Hence it is 
that high mountains, arresting thc^urrents of air, and forcing them 
to rise, are an abundant source of rain. 

This is well seen in Portugal, where the south-west winds of the 
west of Europe are forced upward by the Sierra d’Estrella, so that* 
at Coimbra on the windward side the rainfall (303) is i ig inches, 
while in the region of the«Tagus it is 16 inches. 

in. A hot, moist current of air mixing with a cold current 
undergoes a cooling, which brings about a condensation of the 
vapour. Thus the ho^and moist winds of the south and south-west, 
mixing with the colder air of our latitudes, give rain. The winds of 
the north and north-east tend also, in mixing with our atmosphere, 
■Jo condense the vapours ; but as these winds, owing to their low 
t^perature, are very dry, the mixture rarely attains saturation, and 
generally gives no rain. 

303. Rain. —When the individual vapour particles become larger 
and heavier by the constant condensation of aqueous vapour, and 
when finally individual particles unite, they form regular drops, 
which fall as rain. At great heights raindrops are very small, but* 
they become larger as they fall, for, from their low temperature, 
they condense on their surface the aqueous vapour of the layers of 
air through which they fall. The quantity of rain whtch falls 

^annually in any given place, or the annual rainfall, is measured by 
me^s of a rain-gauge or pluviometer. 

.The simplest form of rain-gauge consists of a funnel (fig. 305) 
which has a certain definite area, 12 square inches for'^example, 
and which fits in a bottle. The rain which falls on this area 
is collected in the bottle, and the quantity which has fallen during 
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the period of observation is measured by means of a graduated 
glass. Thus if in 24 hours the quantity collected measures 2*3 fluid 
ounces, that is, 4 cubic inches, and if the area of the funnel 
is 12 inches, this represents a rainfall of one-third of an inch in 
24 hours. The funnel and bottle are usually enclosed in a metal 
cylinder which is taller than the funnel, so as to retain any sno.w 
which may fall. 

Many local circumstances may affect the quantity of rain which 
falls in different countries ; but, other things being equal, most rain 
falls in hot climates, for there the evaporation is most abundant. 
The rainfall decreases, in fact, from the equator to the poles. \t 

London the annual rainfall is 23*5 
inches ; at Bordeaux it is 25-8 ; 
at Madeira it is 277 ; at Havannah 
't is 91*2; and at St. Domingo it is 
107*6. The quantity varies with 
the seasons; in Paris, in winter 
is 4*2 inches; in spring, 6*9; in 
summer, 6*3 ; and in autumn, 4*8 
inches. The heaviest annual rain¬ 
fall at any place on the globe is on 
the Khasi Hills in Bengal, where 
it is 600 inches ; of which 300 inches 
fall in seven months. On July i, 
1851, a rainfall of 25^ inches on 
one day was observed at Cherrapoonjee. At Kurachee, in the 
north-west of India, the rainfall is only 7 inches. 

Under similar circumstances the quantity of rain diminishes 
with the distance from the sea. Thus, if the annual rainfall is i in 
the centre of Germany, it is 1*2 in the centre of England and 1*75 
on the English coasts. The rainfall increases with the height 
'above the sea-level, for mountains produce rain when they arrest a 
current of moist air (300). 

The driest place in England is Lincoln, with a rainfall of 20 
inches, smd the wettest Styehead Pass in Cumberland, where the 
rainfall is inches. 

An inch of rain on a square yard of surface represents 46*9 
pounds, or 4*69 gallons. On an acre it corresponds to 22,900 
gallons, or 101 tons. 100 ions per inch p>er acre is a ready way 
of remembering this. 

304. Dew. Hoar frost —Dew is merely aqueous vapour which 
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has condensed on bodies during the night In the form minute 
globules. It is occasioned by the chining which bodies near the 
surface of the earth experience in c6nsequence of die radiation at 
night. Their temperature having then sunk several degrees below 
that of fhe air, it frequently happens, especially in hot seasons, 
that this temperature is below that at which the atmosphere is 
saturated. The layer of air which is immediately in contact with 
the chilled bodies, and which has virtually the same temperature, 
then deposits a portion of the vapour which it contains, just as when 
a bottle of cold water is brought into a warm room it becomes 
covered with moisture, owing to the condensation of aqueous vapour 
upon it. 

According to this explanation,' which was first givefi by Dr. 
Wells, all causes which promote the cooling of bodies increase the 
quantity of dew. These causes are the emissive power of bodies, 
the state of the sky, and the agitation of the air. Bodies which 
Jiave a great radiating power become cool more readily, and there- ^ 
fore ought to condense more vapour. In fact, there is generally 
no deposit of dew on metals, whose radiating power is very small, 
especially when they are polished; while the ground, sand, 
glass, and plants, which liavea great radiating power, become 
abundantly covered with dew. On some plants, for instance, 
not merely are droplets of dew formed, but regular layers of 
water. 

The state of the sky also exercises a great influence on the 
N^j^niation of dew. If the sky is cloudless, the planetary spaces 
send to thg earth an inappreciable quantity of heat, while the earth 
radiates very considerably, and therefore, becoming very much 
chilled, there is an abundant deposit of dew. But if there are 
clouds, as their temperature is far higher than that of the planetary 
spaces, they radiate in turn towards the earth, and, as bodies on 
the surface of the earth only experience a feeble chilling, no deposit* 
of dew takes place. 

Wind also influences the quantity of vapour deposited. If it is 
fpeble, it increases it, inasmuch as it renews the air ; if it is strong, 
^ dinynishes it, as it heats the bodies by contact, and thus it does 
not <illow the air time to become cooled. Finally, the deposit of 
dew is more abundant according as the air is moister, for then it 
is nearer its point of saturation. 

In those countries of the hot zones wtich are near the sea, dew 
may replace rain, as in Peru and Chili; in the interior of great 
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continents it is infrequent. In England it is equivalent to inch 
of rainfall. 

We roust distinguish between the dew formed in consequence X)f 
lowering of temperature by radiation, and the deposit formed by 
warm moist air passing over a cold wall; in mild weather this 
deposit forms a liquid, and in severe weather a snowy or icy coat¬ 
ing. A deposit of this kind is most abundantly found on good 
conductors, for they are the coldest. 

Hoar frost and rime are nothing more than dew v/hich has been 
deposited on bodies cooled below zero, and has therefore become 
frozen. The flocculent form w'hich the small crystals present u*' 
which rime is formed shows that the vapours solidify directly with¬ 
out passing through the liquid state. Hoar frost, like dew, is formed 
on bodies which radiate most, such as the stalks and leaves of 
vegetables, and is chiefly depoLited on the parts turned towards 
the sky. 

305. Snow. Sleet .—Srunv is water solidified in stellate crystals 
variously modified, and floating in the atmosphere. These crystals 
arise from the congelation of the minute particles which constitute 
the clouds, when the temperature of the latter is below zero. They 



are mote regular when formed in a calm atmosphere. Their form 
may be investigated by collecting them on a black surface, and 
viewing them through a strong lens. They exhibit exquisite regii- 
k;larity and at the same time variety of form. Fig. 306 shows some 
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of the forms as seen through a microscope from the observations 
of Dr. Glaisher. 

•It snows most m countries near the poles, or in such as are 
high above the sea-level. Towards the poles, the earth is 
constantly covered with snow; the same is the case on high 
mountains, where there are perpetual snows even in equatorial 
countries. 

One foot of snow may, with sufficient accuracy, be taken as 
equal to one inch of rain. 

Sleet is also solidified water, and consists of small icy needles 
aggregated together in a confused manner. Its formation is ascribed 
tb the sudden congelation of the minute globules of the clouds in 
an agitated atmosphere. 

When in consequence of severe frost the ground is cooled 
below zero and a thaw sets in, ^le moist air passing over the 
ground deposits its moisture, which is converted into a continuous 
sheet of ice ; this is known as glazed frost (the French verglas); 
it may also occur when raindrops which have been cooled below • 
zero in the higher regions of the air, and are accordingly in a 
slate of superfusion, fall on the ground which may even be above 
the freezing-point. 

306. Hail. -Hail consists of masses of compact ice of different 
'.izes, which fall in the atmosphere. In our climate hail falls 
principally during spring and summer, and at the hottest times of 
tl*e day ; it rarely falls at night. The fall of hail is always pre- 
.^eded by a peculiar noise. Hail is generally the precursor of 
i^n storms ; it seldom accompanies them, and follows them more 
rarely still, especially if the rain has lasted for some lime. Hail 
clouds seem generally to be very low. 

The regions in which a hail storm 
occurs form in most cases a long 
narrow strip. A hailstone, fig. 307, 
consists of a core of compressed 
snow, which is surrounded by con¬ 
centric layers of ice. Hailstones 
Wall frorri the size of small peas to 
thqt*of a sphere two inches in 
diameter Their temperature is from 
—o’5°to —4“ C. The formation of hail, and more especially the 
great size of hailstones, have never been altogether satisfactorily 
accounted for. While snow sometimes falls for days together, hail- 
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storms seldom last longer than a quarter of an hour, and they are 
also far less frequent. Hail is always accompanied by some elec- 
tricaljdisturbance m the atmosphere. 

it 

« 

ON WINDS IN GENERAL 


307. Direction and velocity of winds .—Winds are cun*ents 
moving in the atmosphere with variable directions and velocities. 

The direction of the wind is determined by means of vanes, and 
its velocity by means of the anemometer. There are several forms 
of this instrument. The most usual consists of a small vane with 
fans, which the wind turns ; the velocity is deduced from the num, 
ber of turns made in a given time, which is measured by means 
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of an endless screw and wheelwork. That most commonly used 
in this country, and represented in hg. 308, is known as Robinson's 
anemometer. It consists of a metal cross with hemispherical cups 
at the ends, and fixed to an axis. The motion of this cross is trans¬ 
mitted by means^-of an endless screw to a train of wheelwork ; ahd 
fhmi the number of turns made in a given time, which is indicated 
^ the pointers, the velocity of the wind is deduced. In our 
jlSi^te the mean velocity is from 18 to 20 feet in a second. With 
^ a ii^ocity of 6 or 7 feet, the wind is moderate; with 30 or 35 
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feet, it is fresh ; with 60 or 7b feet, it is strong ; with a velocity of 
85 to 90 feet, it is a tempest, and from >90 to 120 it is a hurricane. 
The velocity of a wind may, under apprc^riate circumstances, 
be measured by observing the time which the shadow of a cloud 
takes to'pass over a field, or any space the dimensions of which are 

known. 

* 

308. Causes of winds.—Winds are produced by a disturbance 
of the equilibrium in some parts of the atmosphere—a disturbance 
always resulting from a difference in temperature between adjacent 
countries. Thus if the temperature of a certain extent of ground 
becomes higher, the air in contact with it becomes heated, it 
expands, and rises towards the higher regions of the atmosphere ; 
whence it flows, producing upper currents which blow from hot to- 
cold countries. But at the same time the equilibrium is destroyed 
at the surface of the earth, for the Ijaromelric pressure on the colder 
adjacent parts is greater than on that which has been heated, and 
hence a current will be produced with a velocity dependent on the 
difference between these pressures; thus two distinct winds will be* 
produced, an upper one setting oui-ivards from the heated region, 
and a lower one setting inwards towards it. 

309. Regular, periodic, and variable winds.—According to the 
more or less constant directions in which winds blow, they may be 
classed as regular, periodic, and variable. 

i. Regular winds are those which blow all the year through in 
a virtually constant direction. These winds, which are also knonm 
as the trade winds^ are, far from the land in equatorial regions, 
observed to blow uninterruptedly from the north-east to the south¬ 
west in the Northern Hemisphere, and from the south-east to the 
north-west in the Southern Hemisphere. They prevail on the two 
sides of the equator as far as 30° of latitude, and they blow in the 
same direction as the apparent motion of the sun ; that is, from 
east to west. • 

The air above the equator, being gradually heated, rises as the 
sun passes round from east to w'est, and its place is supplied by 
the colder air from the north or south. The direction of«the wind, 
i however, is modified by this fact: that the velocity which this 
colder air has derived from the rotation of the earth—namely, the 
velocity of the surface of the earth at that point from which it 
started—is less than the velocity of the surface of the earth at the 
point at which it has now arrived ,* hence the currents acquire, in 
reference to the equator, the constant directions stated above. 
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ii. Periodic winds are those which blow regularly in the same 
direction, at the same seasons, and at the same hours of the day ; 
the monsoon, simoom, and the land and sea breeze are examples 
of this class. The name monsoon is given to winds which blow 
for six months in one direction, and for six months in another. 
They are principally observed in the Red Sea and in the Arabian 
Gulf, in the Bay of Bengal, and in the Chinese Sea. These winds 
blow towards the continents in summer, and in a contrary direc¬ 
tion in winter. The simoom is a hot wind which blows over the 
deserts of Asia and Africa, and is characterised by its high 
temperature and by the sands which it raises in the atmosphere 
and carries along with it. During the prevalence of this wind the 
air is darkened, the skin feels dry, the respiration is accelerated, 
and a burning thirst is experienced. 

This wind is known under ^le name of sirocco in Italy and 
Algiers, where it blows from the great desert of Sahara. During 
its prevalence people remain at home, the windows and doors 
being carefully closed. In Egypt, where it prevails from the end 
of April to June, it is called kamsin^ from a word signifying fifty ; 
for it lasts ordinarily 50 days; 25 before the spring equinox, and 
25 after. When caravans are surprised by this wind, men cover 
their faces with thick cloths and camels turn their back to the 
torment. The natives of Africa, in order to protect themselves 
from the effects of the too rapid perspiration occasioned by this 
wind, co> er themselves u ith fatty substances. 

The land ami sea breeze is a wind N\hich blows on the sea coast ^ 
during the day from the sea towards the land, and during the night^ 
from the land to the sea. Foi during the day the land becomes 
more heated than the sea, in consequence of its lower specific 
heat (276) and its greater conductivity, and hence, as the air above 
the land becomes more^eated than that over the sea, it ascends 
and is replaced by a current of colder and denser air flowing from 
the sea towards the land. During the night the land cools more 
rapidly than the sea, and thus the same phenomenon is produced, 
but in the«opposite direction. The sea breeze commences after sun¬ 
rise, increases to three o’clock in the afternoon, decreases towards * 
evening, and is changed into the land breeze after sunset. Th^se 
winds are only perceived at a slight distance from the shores. 
They are regular in the tropics, but less so in our climate; and 
traces of them are seen as far as the coasts of Greenland. They 
are even observed on the shores of such inland lakes as that of 
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Constance; and still more markedly in the great Amencan lakes. 
The proximity of mountains also gives rise to periodic daily 
breezes. In like manner the open country is wanner during the 
day than an adjacent forest, while the reverse is the case at night. 
Hence af night there is a slight breeze from the forest towards the 
open, and during the day from the open country towards the 
forest. 

iii. Variable winds are those which blow sometimes in one 
direction and sometimes in another, without being subject to any 
law. In mean latitudes the direction of the winds is very variable ; 
towards the poles this irregularity increases, and under the arctic 
zone the winds frequently blow from several points of the horizon 
at once. On the other hand, in approaching the torrid zone they 
became more regular. The south-west wind prevails in the north 
of France, in England, and in Germany ; in the south of France 
the direction inclines towards the north, and in Spain and Italy the 
. north wind predominates. 

310. Law of the rotation of winds.—Notwithstanding the’ 
great irregularity which characterises the direction of the winds in 
our latitudes, it has been ascertained that the wind has a prepon¬ 
derating tendency to veer round according to the sun’s motion; 
that is, to pass from north, through north-cast, east, south-east, to 
south, and so on round in the same direction from west to north : 
that it often makes a complete circuit in that direction, or more 
than one in succession, occupying many days in doing so, but that 
it rarely veers and very rarely or never makes a complete circuit 
in the opposite direction. For a station in south latitudes a 
contrary law of rotation prevails. 

This law, though more or less suspected for a long time, was 
first formally enunciated and explained by Dove, and is known as 
Dovds law of the rotation of winds. 

311. Weather charts.—A considerable advance has been made 
in weather forecasts by the frequent and systematic publication of 
weather charts ; that is to say, maps in which the barometric 
.pressure, the temperature, the force of the wind, etc., are Expressed 
* for considerable areas in an exact and comprehensive manner. A 

careful study of such maps renders possible a forecast of the 
weather for a day or more in advance. We can here do little 
more than explain the meaning of the principal terms in use. 

If lines are drawn through those places on the earth’s surface 
where the corrected barometric height at a given time is the same, 
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such lines are called isobaromeiric lines^ or, more briefly, isobaric 
lines, or isobars. Betiveen any two points on the same isobar there 
is no difference of pressure. Isobars are usually drawn for a dif¬ 
ference of 3^ of an inch. 

Suppose A and B to be points on two isobars, the t)ressure 
being greater at A than at B. If A B be joined, and a line, A 
be drawn perpendicular to A B and of such a length as to repre¬ 
sent on any suitable scale the difference in pressure between the 
two places, the steepness of the line C B, or the ratio of C A to A B, 
is a measure of the fall in pressure between the two stations, and 
is called the barometric gradient. Gradients are usually express^'d 
in England and America in hundredths of an inch of mercury for 
one degree of sixty nautical miles, and on the Continent in milli¬ 
metres for the same distance. The closer are the isobars the 
steeper is the gradient, and thje more powerful the wind; and 
though no exact numerical relationship can be proved to exist 
between the steepness of the gradient and the force of the wind, it 
fnay be mentioned that a gradient of about 6 represents a strong 
breeze ; and a gradient of 10, or a difference in pressure of of 
an inch for 60 miles, is a stiff gale. 

The direction of the wind is from the place of higher pressure 
to that of lower, and in reference to this the law of Buys Ballot 
may be mentioned, which has been found to hpld in all cases in the 
Northern Hemisphere, where local configuration does not come 
too much into play. If we stand with our back to the wind the line 
of lower pressure is on the left hand. For places in the Southern 
Hemisphere exactly the opposite law holds. 

If within any area the pressure is lower than outside it, the wind 
blows round that area, the place of lowest pressure being on the 
left. The direction^of the wind is, in short, the opposite of that 
of the hands of a watch. Such a circulation is called cyclonic \ it 
is that which is characteristic of the West Indian hurricanes, which 
are known as cyclones. Conversely the wind blows round an area 
of higher pressure in the same direction as the hands of a watch ; 
and this circulation is called anticyclonic. 

Cyclonic systems are by far the most frequent, and are charac¬ 
terised by steep gradients ; the air in them tends to move in towards 
the centre, and thence to the upper regions of the atmosphere. 
They bring with them, over the greater part of the region which 
they cover, much moisture, an abundance of cloud, and heavy 
rain. Anticyclonic systems have the opposite characteristics ; the 
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gradients are slight, and the wind is light. The air is dry, so that 
there is but little cloud, and no rain. Cyclonic systems, from the 
dampness of the air, produce warm weather in winter, and cold 
wet weather in summer. Anticyclonic systems bring our hardest 
frosts iA winter and greatest heat in summer, as there is but 
lj.ttle moisture in the air to temper the extremes of climate. 
Both systems travel over the earth’s surface, the cyclones rapidly, 
the anticyclones more slowly. 
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CHAPTER XIII 

SOURCES OF HEAT AND COLD 

■'312. Different sources of heat—The following different sourc s 
of heat may be distinguished : i. the mechanical sources, comprising 
friction, p ercussion , and pressure; ii. the physical sources —that 
is, solar radiation, terrestrial heat, molecular actions, changes of 
condition and electricity ; iii. iJie chemical sources, or molecular 
combinations, and more especially combustion. 


MECHANICAL SOURCES 


313. Heat due to friction.—The friction of two substances, one 
against the other, produces heat, which is greater the greater the 
pressure and the more rapid the motion. For example, the axles 
of carriage wheels, by their friction against the boxes, often become 
so strongly heated as to set fire to wood in contact with them, as, 
for instance, the nave. By rubbing together two pieces of ice in an 



exhausted receiver below zero. Sir H. Davy partially melted them. 
In boring a brass cannon, Rumford found that the heat developed 
in the course of 2^ hours was sufficient to raise 26^ pounds of 
water from the freezing to the boiling point. 
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This may be well illustrated by an experiment (fig. 309) devised 
by Tyndall. A brass tube, closed at Ae bottom, about 4 inches 
long and less than an inch in diameter, fits on the whirling table, 
having been three-quarters filled with cold water, and corked. If 
now it be clasped by a sort of wooden squeezer in which there are 
two semicircular grooves, and then be made to rotate, the heat 
developed by the friction is sufficient to boil the water and expel 
the cork by which it is closed. This experiment is easier to 
perform with alcohol, which has a smaller specific heat, and a 
lower boiling-point than water. 

The ignition of a lucifer match ; the increased temperature 
observed in the tools whith have been used for sawing, for boring, 
for filinj^, and the like ; the warmth produced by rubbing the hands 
together, are all instances of the production of heat by friction. 

i\n iron drag is known to have become so heated that water 
hissed when dropped on it; to the heal produced in friction are 
due the hot bearings of railway carriages, the tempeiatureof w'hich 
is sometimes sufficiently high to set fire to them. 

Shooting stari)^ tocj, are probably small planclaty bodies which 
get within the sphere of the attiaction of ihe earth, and m falling 
tow.11 els It aie raised to incandescence by fiiction against the 
atmosphere, and by the heat produced by the compression of 
the air. 

314. Heat due to pressure and percussion.—If a body be 
compressed, its temperature rises as the \oIume diminishes. In 
solids and liquids, which are but little compressible, the dis¬ 
engagement of heat is not great, though Joule verified it in the 
case of water and of oil, which were exposed to pressures of 15 
to 25 atmospheres. Similarly, when weights aie laid on metal 
pillars, heat is evolved, and is absorbed when they are removed. 

The production of heat by the compression of gases is easily 
shown by means of the Pneumatic svrinre ( Us. 310). This consists o{ 
a glass tube with thick sides, closed hermetically by a leather piston. 
At the bottom of the piston there is a cavity, in which a small 
piece of tinder is placed. The tube being full of air, thok piston is 
'suddenly plunged downwards ; the air thus compressed disengages 
sufficient heat to ignite the tinder, which is seen to burn when 
the piston is rapidly w’ithdrawn. The inflammation of the tinder 
in*this experiment indicates a tcmperatuie of at least 300'’. At the 
moment of compression a bright flash is observed, which was 
originally attributed to the high temperature of the air ; but 
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it is simply due to the combustion of the oil which greases the 
piston. 

Percussion is also a source of heat, as is observed in the sparks 
which are thrown off by horses in trotting over a hard pavement 
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or over a flinty road, and in striking steel against a flint. In firing 
a shot at an iron target, a sheet of flame is frequently seen at the 
‘moment of impact. A small piece of iron hammered on an anvil 
becomes very hot, and it is staled that in this way a skilful black¬ 
smith can raise a piece of iron to redness, 
r 315. Mechanical equivalent of heat—These experiments and 
numerous others show that there is an intimate connection between 
motion and heat. Whenever the motion of a body is stopped, 
whether suddenly, as by impact, or gradually, as in the case of 
friction, there is in all cases a disengagement of heat \ the motion 
of the mass is transformed into a motion of the ultimate particles 
or molecules of which the body is made up, and the energy of this 
motion is what constitutes heat (211). In like manner, whenever 
work is done a quantity of heat is expended; the most striking 
example of this is the steam-engine, where the heat produced by 
the burning of the coal is transformed into the motion of the engine 
itself, and of the machinery which it drives. If we compare the 
quantity of heat which is produced by burning a certain weight of 
combustible with the heat which leaves the engine in the con¬ 
densing water (282), and make allowance for loss by radi&tion 
and conduction, there is a deficit which is represented by a trans¬ 
formation of a certain portion of the heat into work. 

Not only can it be shown experimentally that there is such a 
transformation, but it has been established beyond the shadow of 
a doubt that there is a definite numerical relation between the two ; 
and this is one of the greatest scientific achievements of the present 
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century, and has led to the most important consequences. The 
honour of this magnificent discovery is 'due to Mayer in Germany 
and to Joule in England, and it is the experimental researches of 
the latter that first fully established the law. The simplest of his 
cxperimehts was made by means of a brass vessel, B (fig. 311), 
provided with a brass paddle-wheel (indicated by the dotted lines), 
wfjich could be made to rotate about a vertical axis. The water 
was prevented from being whirled round by fixed obstructions, 
through which, however, the paddles could pass. Two weights, E 
and F, were attached to cords which passed over the pulleys C 
and D, and were connected with the axis A. These weights in 
falling cause the wheel to rotate. The height of the fall, which 
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in Joule’s experiments was about 63 feet, was indicated on the 
scales Cj and H. 

The roller A was so constructed that by detaching a pin the 
weights could be raised without moving the wheel. The vessel B, • 
containing a definite weight of water at a known temperature, was 
placed on a stand, and the weights allowed to sink. When they 
Ijad reached the ground, the roller was detached from the Ixis, and 
the weights again raised, the same operations being repeated twenty 
times. As the weight was allowed to fall, it put the paddle in 
motion, and the friction against the water thus produced raised its 
temperature. Knowing the weight of the water and the rise of 
temperature, and making certain necessary corrections, it was 
easy to deduce the quantity of heat produced by the friction of the 

B B 
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paddles in consequence of a given weight falling through a known 
height. 

Experiments have been made by other methods, and the genial 
result arrived at is that the amount of work required to raise a 
weight of one pound through 1,400 feet, or, what is the same thing, 
1,400 pounds through one foot, or 1,400 foot-pounds^ is equivalent 
to the amount of heat required to raise one pound of water through 
one degree Centigrade or one thermal unit. 

This number is called the mechanical equivalent of heat ; it is 
really the expression in terms of mechanical units (foot-pounds) of 
the equivalent of one thermal heat unit (one pound-degree Ct iti- 
grade of heat). It is commonly known as foulds equivalent^ and 
denoted by the letter J. In French books the reciprocal of J is 

often employed, that is, the thermal 
equivc^lent of the unit of nvork. 

The principle that there is an invari¬ 
able ratio in which work is transformed 
into heat, and, conversely, in which heat 
is transformed into work, is known as the 
principle of the equivalence of heat and 
work. 

PHYSICAL SOURCES 

0 316. Solar radiation. — The most 
powerful of all sources of heat is the sun. 

V.T.rious attempts have been made to 
determine the quantity of heat which the 
sun emits. Pouillct invented an apparatus 
which he called a pyrheliometer (fig. 313). 
It consists of a flat metal cylinder or box, 
containing mercury. In this is introduced 
the bulb of a thermometer, the stem of 
which is protected by a piece of brass 
tubing. By means of a collar and screw, 
the instrument may be attached to a 
stake. The face of the cylinder, which is turned to the sun, is 
coated with lamp-black ; a disc is fixed to the stem, the object of 
which is to insure that the sun’s rays fall perpendicularly on tjie 
blackened face of the cylinder ; this is attained by turning the 
instrument so that the shadow of the cylinder exactly covers the 
disc. From pbservations made with this apparatus, Pouillet calcu- 
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lated that if the total quantity of heat which the earth receives 
from the sun in the course of a year were employed to melt ice, it 
would be capable of melting a layer of ice all round the earth of 
35 yards in thickness. But simple calculation shows that from the 
surface which the earth exposes to the solar racTiation and from the 
(^stance which separates the earth from the sun, the quantity of 
heat which the earth receives is less than one part in two thousand 
millions of the total heat emitted by the sun. 

317. Terrestrial heat.—Our globe possesses a heat peculiar 
to it, which is called terrestrial heat. The temperature of the 
earth below the surface of the ground varies \iith the seasons down 
to a certain depth, at which it remains constant in all seasons. It 
is hence concluded that the sun’s heat does not penetrate below a 
certain internal layer, which is called the layer of constant tempera¬ 
ture. The depth of this layer belpw the earth’s surface varies, of 
course, in different parts of the globe ; at Paris it is about 30 yards, 

, and the temperature is constant at ii-8° C. 

Below the layer of constant temperature, the temperature is’ 
observed to increase, on the average, 1° C. for every 90 feet. This 
increase has been verified in mines and artesian wells (103). 
According to this, at a depth of 3,000 yards, the temperature of the 
corresponding layer would be 100®, and at a depth of 20 to 30 miles 
there would be a temperature sufficient to melt all substances which 
exist on the surface. Hot springs and volcanoes confirm the exist¬ 
ence of this central heal. 

In the Mont Cenis tunnel, observations at a point in the 
interioi, over which was a mass of rock 5,080 feet in thickness, 
showed an increase of i® for 164 feet. 

Since the temperature decreases from the interior to the ex¬ 
terior, there must be a constant loss from the surface. Owing to 
the low conducting power of the earth, this cooling is very slow ; it 
has been estimated that the cooling due to this cause would no^ 
amount 10 1° in a million years. 


, CHEMICAL CHANGES 

• 

r*3i8. Chemical comlunatioii. Combustion.—Whenever two 
bodies unite, in virtue of their reciprocal affinity, this operation is 
known as the act of chemical cofnbination. Chemical combinations 
are usually accompanied by a certain elevation of temperature. 

B B 2 
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When these combinations take place slowly—^as when iron oxidises 
in the air, and produces rust—the heat produced is imperceptible ; 
but if they take place rapidly, the disengagement of heat may be 
very intense. The same quantity of heat is produced in both cases, 
but when evolved slowly it is dissipated as fast as it is formed, and 
no increase of temperature can be perceived. 

Combustion is chemical combination attended with the disen¬ 
gagement of light and heat. In the ordinaiy combustion in lamps, 
fires, candles, etc., the carbon and hydrogen of the coal or of the oil 
combine with the oxygen of the air, giving rise to aqueous vapour, 
carbonic acid, and other volatile products which are given off as 
smoke. The old expression that fire destroys e^terythiTig\^ incorrect. 
It destroys nothing: it simply puts certain elements at liberty to 
unite with others: it decomposes^ but at the same time produces. 
A body in being burned is transformed, but its substance is not 
destroyed. 

Many combustibles bum with flame. A flame is a gas or vapour 
raised to a high temperature by combustion. Its illuminating 
power varies with the nature of the products formed. The pre¬ 
sence of a solid body in the flame increases the illuminating power. 
The flames of hydrogen and carbonic oxide gases and of alcohol 
are pale ; they only contain gaseous products of combustion. Hut 
the flames of candles, lamps, and coal gas have a high illuminating 
power. They owe this to the fact that the high temperature pro¬ 
duced decomposes certain of the gases with the production of 
carbon, which, not being perfectly burned, becomes white-hot in 
the flame. Coal gas, when burnt in an arrangement by which 
it obtains an adequate supply of air, as in Bunsen’s burner, is 
almost entirely devoid of luminosity, though its temperature is very 
high, being about 1,300° C. A non-luminous flame may be made 
luminous by placing in it platinum wire or asbestos fibre (232). 
The illuminating power of a flame does not depend solely on its 
temperature. A hydrogen flame, which is the palest of all flames, 
has a very high temperature. 

'i 319. ilumford’s calorimeter.—In order to determine the amount 
of heat which is produced by combustion, Rumford used the calori¬ 
meter depicted in fig. 313. A metal box, A, contains a known 
weight of water at a known temperature ; through it passes a copper 
worm tube, s s\ which is open at one end, j', and terminates at the 
[other end in a funnel, c. The substance whose heating effect is 

be determined is placed underneath the funnel, and, having 
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been previously weighed, is burned. gaseous products of 

combustion pass then through the wonn, i^d, imparting their heat 
to-the water, raise the tem¬ 
perature. From the weight 
of the Vinter and its increase 
ip temperature, which is 
measured by the thermo¬ 
meter, /, and from the 
weight of the body burned, 
hs heating effect may be 
determined. 

By experiments with 
more perfect arrangements, 
based, however, on the same 
general principle, the heat¬ 
ing effect of the following 
substances has been deter¬ 
mined. The numbers repre¬ 
sent the thermal units —that 
is pounds of water which are 
raised through 1° C. by the combustion of a pound of the sub¬ 
stance, and are called the thermal equivalents. 


Hydrogen 

• ■ 34,500 

Phosphorus 

5,700 

Marsh gas . 

13,060 

Dry turf . 

4,800 

Petroleum 

12,300 

Carbon bisulphide . 

3,400 

Olive oil 

9,860 

Wood 

2,900 

Anthracite . 

8,460 

Carbonic oxide 

2,400 

Charcoal 

8,080 

Sulphur ... 

2,200 

Tallow 

8,000 

Zinc 

*,300 

Alcohol 

. 7,180 

Iron 

i,i8t 

Coal . 

7,000 

Copper . 

600 


From the above result it follows that a pound of coal would 
raise from the ordinary temperature and completely evaporate 
about II pounds of water (276). In practice, howevey, the best 
* coal and the most convenient heating arrangements do not give 
mo/e than two-thirds of this result. 

* SOURCES OF COLD 

320. Various sources of cold. —Besides the cold (i.e. absorption 
of heat) caused by the passage of a body from the solid to the. 
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liquid state, of which we have already spoken (250), cold is pro¬ 
duced by the expansion of gases, by radiation in general, and more 
especially by radiation at night. 

321. Cold produced by the expansion of gases.—We have seen 
that when a gas is compressed its temperature rises. The reverse 
of this is also the case *, when a gas is rarefied a reduction of tem- 
peratui*e ensues, the heat lost being equal to the work done against 
external pressure by the expansion. This may be shown by plac¬ 
ing a delicate spiral thermometer (fig. 258) under the receiver of 
an air-pump, and exhausting ; at each stroke of the piston the 
needle moves in the direction of zero, and regains its original peti¬ 
tion when air is admitted. 

The machines now in use for the manufacture of icc depend on 
this property of gases. The heat developed by the compression of 
air is removed by a current of cold water; a series of tubes con¬ 
taining the air thus compressed and cooled being placed in brine, 
the air is allowed to expand; in so doing it cools the brine so 
considerably as to freeze water contained in vessels placed in the 
brine. Instead of atmospheric air, Pictet uses sulphurous acid, and 
Linde ammonia, for the artificial production of cold. It may be 
stated that by the most improved methods a ton of coals (used in 
working a steam-engine by which the compression is effected) 
can produce ten tons of ice. 

The principle is also applied in the construction of refrigerating- 
rooms. The air is compressed by what is in effect a steam-con- 
densing-pump (154), and is then reduced to the temperature of the 
atmosphere by a current of cold water. Being next allowed to 
expand, the air is greatly cooled, and is made to pass into the 
spaces where temperature is to be reduced. By this means it is 
not difficult to reducb the air to a temperature 15° or more below 
zero. Such rooms are used for storing meat in hot weather, and 
also in transporting whole carcases of meat from abroad, and the 
principle is also applied in cooling in breweries, where the tem¬ 
perature of fermentation has to be kept within definite limits. 

322. Cold produced by radiation at night.—During the day, the 
ground receives from the sun more heat than it radiatesJnto 
space, and thd temperature rises. The reverse is the case at night. 
The heat which the earth loses by radiation is no longer compen¬ 
sated for and consequently a fall of temperature takes place, which 
is greater according as the sky is clearer, for clouds send towards 
the earth more heat rays than come from the celestial spaces. 
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In some winters it has been found that rivers have not frozen, 
the sky having been cloudy, although the thermometer has been 
for^veral days below -- 4°; while in other less severe winters the 
rivers freeze when the sky is clear. The emissive power exercises a 
great influence on the cold produced by radiation ; the greater it is, 
the greater is the cold. 

In Bengal, the cooling at night is used in manufacturing ice? 
(269). It is said that the Peruvians, in order to preserve the! 
shoots of young plants from freezing, light great fires in theirl 
neighbourhood, the smoke of which, producing an artificial cloud,) 
hinders the cooling produced by radiation. 

Country people are in the habit of saying that it freezes more 
when the moon appears than when it is hidden by clouds. They 
are right in this ; but the freezing is not, as they think, due to the 
influence of the moon. It is owing to the absence of clouds. 
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BOOK VI 

ON LIGHT 


CHAPTER I 

TRANSMISSION, VELOCITY., AND INTENSITY Ol- LIGHT 

, 323. Theories of Light.— Light is the agent which, by its action 

• on the retina, excites in us the sensation of vision. That part of 
physics which deals with the properties of light is known as optics. 

In order to explain the origin and transmission of light, various 
hypotheses have been made, the most important of which are the 
emission or corpuscular theory, and the undulatory theory. 

K The emission theory assumes that luminous bodies emit par¬ 
ticles or corpuscles of matter of extreme tenuity and without 
weight. These travel in straight lines with enormous velocity. 
Penetrating into the eye they strike the retina and produce the 
sensation which constitutes vision. According to this theory, then, 
light is imponderable matter which is shot out from a luminous 
body as a bullet is shot from a gun, and is capable of penetrating 
glass and other tragsparent media without leaving any trace behind 
it. This is the theory that was held by Newton, and it was chiefly 
through his influence that it so long remained the accepted creed. 

On the undulatory theory all bodies, as well as the celestial 
spaces, are filled by an extremely subtle elastic medium, which is 
called the luminiferous ether. The luminosity of a body is due to 
an infinitely rapid vibratory motion of its molecules, which, when 
communicated to the ether, is propagated in all directions in .the 
form of spherical waves; and this vibratory motion, being thus 
transmitted to the retina, calls forth the sensation of vision. The 
vibrations of the ether take place not in the direction in which the 
wave is travelling, but at right angles to this direction. They are 
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transverse vibrations, and are thus to be distinguished from the 
longitudinal vibrations of the air particles in the transmission of 
sound-waves through air (171). A good idea of what takes place 
in the case of the propagation of light waves is obtained by 
considertng the concentric waves produced on the surface of 
still water when a stone is dropped in. The water particles move 
up and down but do not travel away. It is the wave form which 
spreads out in all directions. 

The luminiferous ether penetrates all bodies ; it occupies the 
celestial spaces, and, although it presents no appreciable resistance 
to the motion of the denser bodies, it is possible that it hinders the 
motion of the smaller comets. It has been found, for example, that« 
Encke’s comet, whose period of revolution is about 3^ years, has 
its period diminished by about O’li of a day at each successive 
rotation, and this diminution is ascribed by some to the resistance 
of the ether. 

The fundamental principles of the undulatory theory were 
enunciated by Huyghens, and advocated by Young, who showed 
how a large number of optical phenomena, particularly those of 
diffraction, were to be explained by that theor)'. Subsequently, 
too, though independently of Ypung, Fresnel showed that the 
phenomena of diffraction, and^also those of polarisation, are 
explicable on the s^me theory, which, since his time, has been 
generally accepted. 

The undulatory theory not only explains the phenomena of 
light, but it reveals an intimate coi^iection between these pheno¬ 
mena and those of heat; it brings out also many analogies between 
the phenomena of light and those of sound, regard being had to 
the differences of the media by which these two classes of pheno¬ 
mena are propagated. 

324. Various sources of light—The various sources of light 
are the„5un, the stars, h eat, ch emical combinajion, phosphpre^en^ 
tlepmciiy, and jgjetwric ^hlnome^a- 

The origin of the light emitted by the sun and by the stars is 
. unknown ; it is assumed by some that the ignited envelope by 
whiph the sun is surrounded is gaseous, and at a very high 
temperature. 

• As regards the Tight developed by heat, experiment has shown 
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The luminous effects observed in many chemical combinations 
arc due to the high temperatures produced. This is the case with 
the arti^cial lights used for illuminations ,* for luminous flames 
are essentially gaseous masses containing solids heated to incan¬ 
descence (318). 

Phosphorescence is the property which a large number of sub¬ 
stances possess of emitting light under certain conditions. It is 
obsetved in living animals, of which the best-known case is that 
glowioorm ; here it is very intense, and the brightness seems 
to depend on the will. Its light consists of a continuous spectrum 
from C to near h^ and is particularly rich in blue and green n ys. 
In tropical climates the sea is often covered with a bright phospho¬ 
rescent light due to myriads of small luminous infusoria {Noctiliaa 
fuiliaris). 

Langley showed that in ordinary oil or gas flames more than 
97*6 per cent, of the total energy is expended as heat, and is useless 
as regards light ; and in sources at a high temperature, such as 
the arc and incandescent electric light, the proportion, although 
less, is still considerable. 

The light of the firefly {Pyrophorus noctHucus\ which is found 
abundantly in Cuba, when examined by the spectroscope and bolo¬ 
meter is found to be devoid of red and infra-red rays—that is, to 
contain only luminous rays. It thus represents an economical 
form of light. As the more refrangible rays are those' which affect 
the eye, it is desirable to obtain in our artiflcial lights as great a 
proportion of the energy in this form as possible, and it is in this 
direction that improvement in illumination is to be looked for. 

Phosphorescence cannot be due to a high temperature, for sub¬ 
stances show it which are decomposed at such a temperature. 

Decaying wood,-and some kinds of fish in a state of putrefac¬ 
tion, also exhibit this phenomenon. Certain substances, like some 
varieties of fluor-spar, become phosphorescent by friction ; while 
others, such as strontium sulphide, become luminous in the dark by 
having been previously exposed to the sun’s rays. 

Balmain’s luminous paint on this property. , Its prin¬ 

cipal ingredient is the phosphorescent calcium sulphide. 

Ndggerath observed that agates, in the operation of polishii>g, 
often emitted a bright phosphorescent red light, which gave them 
the appearance of red-hot iron, and yet the increase of tempera¬ 
ture was not more than 12° to 15® C. 

325. Opaque, transparent, translucent bodies. Absorption of 
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light .—Bodies on which light falls give rise to two distinct effects : 
one c]as_s, such as wood, metals, most stones, completely stop, 
pastage-jihrough them; while others, such as air and glass, .allow 
light to pass. The first class of bodies comprehends those which 
are called opaque^ and the second the transparent and translucent 
bqdies. The term transparent or diaphanous is applied to all bodies 
which transmit light, and through which objects can be distinctly 
seen ; while translutency is usually restricted to the case of bodies 
through which objects cannot be distinctly seen. Polished glass 
may be called either transparent or diaphanous ; but ground glass, 
oiled paper, and thin porcelain are translucent, for, while they 
transmit light, objects cannot be distinguished through them. 

Of all bodies which transmit light, none can be said to be per¬ 
fectly transparent ; all extinguish, or absorb^ a portion of the light 
which impinges on them. Even atmospheric air, which is trans¬ 
parent in comparison with all liquias and solids known to us, is not 
perfectly transparent, as is shown by many phenomena of everyday 
* occurrence. Distant objects appear under a smaller optical angle,' 
their colour is duller, and the contrasts of light and shade are 
weaker; in short, the more distant an object, the more does it 
appear surrounded by an opalescent veil, as is more particularly 
visible on distant hills. This effect of imperfect transparency of 
the atmosphere is knovirn as aerialperspcitive. Again, on the tops 
of high mountains, the number of stars visible to the naked eye is 
greater than in the plain, owing to the fact that in the former case 
the layer of air traversed is not so thick as in the latter case. In 
like manner, too, the sun appears less luminous when on the hori¬ 
zon, for then its rays pass through a thicker layer of air. 

J ust as there are no perfectly transparent substances, so, too, 
there are none which are quite opaque ; at any rate, when the 
thickness is very small. Gold, which is one of the densest metals, 
allows an appreciable quantity of light to pass when it is beaten* 
out in the form of fine leaf. 

Foucault showed that, when the objett-glass of a telescope is 
thinly silvered, the layer is so transparent that the su« can be 
viewed through it without danger to the eyes, since the metallic 
layer reflects the greater part of the heat and light; the tint 
ai^ears slightly blui^, while in the case of gold it is greenish. 

326. Propagation of light.—A medium is any space or sub- 
'stance which light can traverse, such as a vacuum, air, water, glass, 
etc. A medium is said to be homogeneous when its chemical com- 
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\ position and density are the same in all parts; these are conditions 
which are independent of each other. The atmosphere, for instance, 
has everywhere the same composition ; but not everywhereh.the 
same density, owing to the variations in pressure and temperature 
to which it is subject in various places. 

Experiment shows that in every homogeneous medium light is 
propagated in a right line. For, if an opaque body is placed in the 
right line which joins the eye and the luminous body, the light is 
intercepted. In like manner, we cannot receive any impression of 
light through a series of holes in opaque plates superposed on each 
other, excepting when these holes are in a straight line. The -ight 
which passes into a dark room by a small aperture leaves a lumi¬ 
nous trace, which is visible from the light falling on the dust 
particles suspended in the atmosphere. 

Light emanates from luminous bodies in all directions, for we 
see then equally in all positions in which we are placed around 
them. 

Light changes its direction on meeting an object which it 
cannot penetrate, or when it passes from one medium to another. 
These phenomena will be described under the heads reflection and 
refraction. 

327. Luminous ray and pencil.—To this sending-out of light in all 
directions from a luminous body the same term, radiation, is applied, 
as in the case of heat; a luminous ray^ or ray of lights is the line 
, in which light is propagated ; a luminous pencil^ or pencil of lights 
is a collection of rays from the same source. It is said to be 
parallel when it is composed of parallel rays; divergent^ when the 
rays separate from each other; and convergent., when they tend 
towards the same point. Examples of these will occur in the study 
of mirrors and offenses. 

I 328. Shadow. Penumbra.—When light falls upon an opaque 
Ibody, it cannot penetrate into the space immediately behind the 
I body, and this space is called 

In determining the extent and the shape of shadow projected 
by a body, two cases are to be distinguished : that in which the 
source of light is a single point, and that in which it is a body of 
any appreciable extent. 

In the first case, let S (fig. 314) be the luminous point, and. M 
a spherical body which causes the shadow. If an infinitely long 
straight line, SP, move round the sphere M, always passing 
through the point S, this line will produce a conical surface, 
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which, beyond the sphere, separates that portion of space which is 
in shadow from that which is illuminated. In the present case, on 
placing behind the opaque body a screen, Q, the limit of the shadow, 
GH, will be sharply defined. This is not, however, usually the 
case, for luminous bodies have always a certain magnitude, and 



Fig. 314. 


are not mere luminous points ; the sshadow formed by a luminous 
point is called iht gcoinc/rical shudow. 

In the second case, let L (fig. 315) be a luminous sphere, and 
let a straight line, AMG, be drawn touching the outside of this 
sphere and of the sphere M. Assuming that this line moves tan¬ 
gentially round the two bodies, it will produce on the screen, P, a 



Fig. 31S. 


circle, GH, completely in darkness. If now a second straight line, 
SNC, be drawn tangentially on the inside of the two spheres, it 
jprill produce a cone, the summit of which is at B, and the base on 
the screen in the circle^DC, which is greater than the circle OH. i 
The circular space,between the two circumferences is neither entirely 
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in the shadow nor entirely in the light, for it is only illuminated by 
a part of the body L ; whence arises the name penumbra. Under 
ordinary conditions, in which luminous bodies have a certain size, 
shadows are always surrounded by a penumbra. This decreases 
in intensity from the centre towards the edges; it has a greater 
extent the nearer the source of light is to the body illuminated, and 
the more distant is the screen. 

From these considerations it is to be explained why the shadow 
of a body exposed to the sun, when received close behind the body, 
is sharply defined, but at a greater distance'is quite indistinct. 
'I’hus we cannot state the precise point where the shadow 01 a 
church spire ceases. In like manner, too, a hair which in sunlight 
is held close over a sheet of paper forms a sharp shadow, but if 
held a couple of inches above the paper no shadow can be per¬ 
ceived. 

329. Velocity of light.—Light moves with such a velocity that 
at the surface of the earth there is, to ordinary observation, no 
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appreciable intervtS between the occurrence of any luminous phe¬ 
nomenon and its perception by the eye. And accordingly this 
.velocity was first determined by means of astronomical observa¬ 
tions. Ro mer, a Danish astronomer, in 1675, first deduced the 
velocity of light from observations of the eclipses of one of 
J upiteF s satellites. 

IJupiter is a planet round which five satellites revolve, as the 
^ moon does round the earth. The second of these, e (fig. 316), 
(until the recent discovery of a satellite nearer to Jupiter than any 
of the others, this second was -known as Jupiter^s first satellite), 
mffers occultatim —that is, passes into Jupiter’s shadow—at equal 
1^ intervals of time, which are 42h. 28m. 36s. While the earth moves 
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in that part of its orbit nearest Jupiter, its distance from that planet 
does not materially alter from day to day, and the successive occul- 
tations occur at the calculated times ; but in proportion as the earth 
moves away in its revolution round the sun, S, the discrepancy 
between fhe observed occultation and the calculated time of its 
occurrence increases ; and when, at the end of six months, the earth 
has passed from the position T to the position /, a total retardation 
of i6m. 36s. is observed between the lime at which the phenomenon 
is seen and that at which it is calculated to take place. But when 
the earth was in the position T, the sun’s light reflected from the 
satellite e had to traverse the distance cX ; while in the second 
position the light had to traverse the distance et. This distance 
exceeds the first by the quantity /T, for, from the great distance of 
the satellite c, the rays et and eX may be considered parallel. Conse¬ 
quently, light requires 16m. 36s. to ^travel the diameter tT of the 
terrestrial orbit, or twice the distance of the earth from the sun, 
which gives for its velocitv^QQjac^ miles per secon d. This has 
been confirmed by"tlie results of other experiments made by ‘ 
different methods ; the number now trenerallv admitted i s 1 86.0^ \ 
pey, second^ or 300,000 kilometres per second, oTIttJooo 
times the velocity of sound (175). 

To give some idea of this enormous velocity, it may be 
remarked that a cannqn-ball with a velocity of 1,000 feet per second 
would require more than seventeen years to tra\'erse the distance 
from the earth to the sun, while light requires only 8 minutes and 
8 seconds. 

.v ' The stars nearest the earth are separated from it by at least 
206,265 times the distance of the sun. Consequently, the light 
which they send requires 3^ years to reach us. Those stars which 
are only visible by means of the telescope are possibly at such a 
distance that thousands of years would be required for their light 
to reach our planetary system. We may hence form an idea of the^ 
immensity of the heavens, and how small is our globe in comparison 1 
with this infinity. 

330. Intensity of tight. Photometer. —The intensity o^a source . 
of light—that is, the energy of its illuminating power—is measured'’ 
by4he quantity of light which it sends on a given surface at a given! 
distance from the source; for example, a screen a yard square.;' 
From the property which luminous rays have of diverging, the 
quantity of light falling on the screen, or its illumination, decreases 
rapidly as the screen is removed from the luminous body. It may 
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be shown, geometrically, that the illumination is inveisely as the 
square of the dii^tance^i the screen) from the source—that is, that 
when the distance of an illuminated body from the source of light 
IS doubled, it leceues one-fouith the amouui of light, at three 
times the distance, one ninth , and so forth This law is onlv 
strictly true when the souice of light is a point 

This law may be demonstrated by the aid of the appaiatus called 
a photometer^ fiom two Gieek words which signify measme of light. 
One foim consists of a ground glass scieen, fixed vertically on a 
wooden base (fig 317) In fiont of this scieen is an epaque lod, 
beyond which are the souices of light to be compared, placed in such 
a mannei that the shadows of the rod cast by the two sources form 
on the screen, the shadow due to each source being illuminated by 
the other souice Now, it will be observed that when the two 
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souices have the same illuminating power, the depth of the shadows 
cast by the two is the same at the same distance , but if one of the 
souices of light IS moie powerful than the othei, the corresponding 
shadow is deeper , and in order that the shadows may be of equal 
intensity,gthe more powerful light must be lemoved further away 
These details being premised, the law of the decrease of light 
may be demonstrated as follows —In a daik room, a candle is placed 
at any distance from the photometer—a yard, for instance—and 
then, at double the distance, a lamp giving the same light as four 01 
the same kind of candles is placed in the same line, in the direction 
of the opaque lod The two shadows on the screen will then be 
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found to have exactly the same depth, the shadow cast by the 
candle being just as mucli illuminated by the lamp as that cast by 
the hamp is illuminated by the candle. Thus the screen receives 
as much light from the candle at one yard as it receives from the 
lamp (eqdal to four candles) at two yards. It may also be shown 
in the same manner that a lamp giving the same light as nifie 
candles gives at three yards only the same illumination as one at 
a yard, and so forth, which proves the law. 

It is important to observe that it is in consequence of \}a&,diver- 
gence (326) of luminous rays that light decreases as the distance 
increases. This decrease does not obtain in the case of parallel 
rays ; their lustre would be the same at all distances, were it not 
for the absorption which takes place in even the most transparent 
media. 

The light of the sun is 600,000 times as powerful as that of the 
moon, and 16,000,000,000 times as powerful as that of a Centattri^ 
the third in brightness of all the stars. I'he moon is thus 27,000 

* times as bright as this star. The sun is 5,000 million times as bright 
as Jupiter, 20,000 million times as bright as Sirius, and 80 billion 
times as bright as Neptune, Its light is estimated to be equal to 
that of 5,500 wax candles at a distance of i foot. That of the full 
moon is about equal to that given by wax candle at a distance 
of r26 inches. The more recent dynamo-electric machines can 

' jwoduce light equal to that of 100,000 standard candles. 

* ,, 331, B upsen *s photometer.—'I'his depends on the following 
principle. If a gi ease-sp<it be made in a screen formed of a sheet 
of blotting-paper, and a source of light be looked at through the 
paper, the grease-spot will appear brighter than the rest of the 
paper. If the source be held in front, so that the screen is seen by 
reflected light, the grease-spot will appear darker than the rest of 
the paper. If now the screen be supported vertically, and the two 
sources, A and IJ^be placed one on each side of it, and their dis-. 
lances adjusted so that the grease spot is neither brighter nor 
darker than the surrounding paper, it follows that the screen is 
receiving as much light from one as from the other source.# When 
this is the case 

<li.rsejJlX.a§..the squares of tJjftii;.4j5ta»CQS from the pa^i^r. 

This is the metltbd in actual use for determining the illumi¬ 
nating powers of gas and other artificial lights. For this purpose 
a standard light is used \ in England this is that of a spermaceti 
candle, c, | of an inch in diameter, whicli bums 120 grains in an 

c c 
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Jiour. The French standard of light is that of a Carcel lamp^ wliicli 
bums 607 grains pure colza oil in an hour with a flame i*6 inch 
in height and gives a lij^ht equal to that of 9*5 English standard 
candles. This is fixed at one end of a graduated rule, aa (fig. 318), 
while at the other end is fixed a gas-jet, provided with a gas- 
meter, by wJiich the quantity of gas can be regulated and 
measured. A paper screen, with the grease-spot, is fixed to a 
support which moves along the rule ; this position is shown by 
the index, /, attached to the support, liy trial a position is found 
for it at which the grease-spot Just disappears ; the paper is then 
equally illuminated on both sides, and it only remains to read off 
the distances of the two lights and m.akc the calculation in the 
manner described al)ove. 
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Thus, the scale is divided into 100parts, and suppose the screen 
is at 20 divisions from the standard candle when the grease-spot 
disappears, the gas being thus at a distance of 80 divisions—this 
being so, this particular gas-flame has sixteen times the illuminating 
, power of the candle, and is spoken of as having a sixteen-candle 
poivet. 

A fair degree of illumination in an ordinary room is that 
equival^t to the light of from 16 to 24 candles at a distance of a 
yard ; while the light falling on a table should not be less than of 
24 candles at this distance. 

The intensity of light is measured photographically by* an 
actinometer\ this is an arrangement by which a strip of photo¬ 
graphically sensitive paper can be expo.sed for any length of time 
to the action of light; the time required for this paper to match a 




- 331 ] A ctinomeier 387 

certain shade of colour is a measure of the intensity of the illumina¬ 
tion. 

The difficulty of obtaining candles which give a light sufficiently 
uniform for standard purposes has led Harcourt to adopt as unit 
the light •formed by burning a mixture of 7 volumes of pentane gas 
and 20 volumes of air, at the rate of half a cubic foot in an hour, in 
a specially constructed burner so as to produce a flame of constant 
height. This has been found to answer well in practice. 


C c 3 
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CHAPTER II 

REFLECTION OF LIOHT. MIRRORS. 


332. When a pencil of rays falls on a bright polished surface, 
jit bounds off from it, changing its direction, and this is spoken of 

|;i5 the rejection of light. 'Phe fact of this reflection, and the laws 
'-iiinirnai ... which govem it, may be in¬ 

vestigated by the apparatus 
represented in fig. 319. It 
consists of a graduated circle 
in a vertical plane, supported 
on three levelling-screws. 
Two brass slides, I and K, 
move round the circumfer¬ 
ence. , They support two 
small lubes, i and directed 
exactly towards the centre. 
On the slide I there is, 
moreover, a small mirror, M, 
which can be inclined at will. 
The zero of the graduation 
is at A, and extends to 90 
degrees on each side. 

These ’ details being 
known, the slide I having 
been more or less removed 
from zero, the mirror M is 
inclined so that a ray of light, 
S, after having been reflected 
on this mirror, shall pass 
through the tube i and fall upon a second mirror w, arranged 
horizontally in the centre of the circle ; there the ray of light is' 
a^ected a second time, and takes the direction ««E. The slide K 
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is then moved to or from A, until, wh«i the eye is placed at E, the 
reflected ray wE is seen through the tube c. If now the numbei 
of degrees contained in the arcs AB and AC be read off, they will 
be found to be exactly equal. The angle Bwrt, which the pencil 
Mm makes with the perpendicular to the mirror w, is called the 
angle of incidence ; and the angle Qma is called the angle of rcfkc- 
tion. Hence, the angle of reflection is equal to the angle of inci¬ 
dence. In the construction of the apparatus, care is taken that 
the axes of the tubes/and rare in one and the same plane, parallel 
to that of the graduated circle, and therefore perpendicular to the 
surface of the small mirror w, and containing the normal, ma ; and 
therefore the incident and the reflected rays are both in the same plane^ 
7 vhich is perpendicular to the reflecting surface. 

In the above drawing the direction in which light is propagated 
is represented by arrows ; the same ^villbe the case with all optical 
diagrams which we shall have occasion to introduce. 


333. The reflection of light is never complete. —The Hght 
which falls upon a body is never completely reflected : a certain 
portion is always absorbed by the reflecting body. If we represent 
by 100 the quantity of incident light, the reflected portion may be 
50, 80, yo, according to the nature and degree of polish of the 
reflecting body ; but it will never amount to 100. 

^ Thus, when light falls perpendicularly upon a body, the light 
which is reflected is i| of the incident light in the case of that re¬ 
flected from a metal mirror, 4' from mercury, from glass, and 

from water. 

J’he best reflectors arc polished metals, especially if they are 
white, like mercury and silver. Black bodies reflect no light. 
Translucent substances reflect a small quantify, and absorb more 
or less according to their thickness, while they transmit the 
remainder. This is what takes place with air, water, glass, and all 
transparent media.' 

For one and the same substance the quantity of reflected light 
increases not only with the degree of polish, but with the obliquity 
of. the incident rays. For instance, if a sheet of white pSper be 
, placed before a candle, and be looked at \'ery obliquely, an image 
of the flame is seen bj' reflection, which is not the case if the eye 
receives less oblique rays. 

The intensity of the reflection varies with different bodies, even 
'^i^hen the degree of polish and the angle of incidence are the same. 
Jl^also varies v\ith the nature of the medium which the light is 
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traversing before and after reflection. Polished glass immersed 
in water loses a great part of its reflecting power. 

334. Irregular reflection. Diffused or scattered light— The * 
reflection from the surfaces of polished bodies, the laws, of which 
have just been stated, «s called the regular or specular reflection, 
which is from a Latin word signifying mirror ; but the quantity 
dius reflected is less than the incident light The light incident , 
on an opaque body is separated, in fact, into three parts; one is 
reflected regularly, another irregularly—\h 3 X is, in all directions— 
while a third is absorbed by the reflecting body. 

Thus, if, in the experiment represented in fig. 319, the beam 
Bm be caught on an unpolished surface, instead of on a mirror, 
not only will it be seen in the direction wC, corresponding to 

regular reflection, but it 
will be seen in all positions, 

under 
to the 

fig. 

This irregularly reflected 
bght is called scattered or 
Fig, 320 diffused light ; it is that 

which makes bodies visible; 
it has its origin in the structure of bodies themselves, which are 
never perfectly smooth, and, from their slight roughnesses, present 
an infinity of small ^cets variously inclined, which reflect light in 
all directions. 

Diffused light plays an important part in the phenomena of ( 
vision. For while luminous bodies are visible of themselves, opaque \ 
bodies are only so in consequence of the diffused light which they , 
send ii^all directions. Thus, when we look at a piece of furniture, 
a table, or a flower, it is the diffused light reflected on all sides 
and in all directions, by the object which enables us to see it, in “ 
whatever direction we may be placed in reference to the light 
./ Which illuminates it. When bodies only reflect light regularly,It is 
hot them we see, for, acting like mirrors (336), they only give 
the image of the luminous body whose light they send towards 
us. If, for example, a beam of the sun’s light, passing throu^ 
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a hole in the shutter, falls on a well-polished mirror in a dark 
room, the more perfectly the lijjht is reflected, the less visible is 
the mifror in the different parts of the room. The eye does not 
perceive the image of the mirror, but that of the sun. If the 
reflecting power of the mirror be diminished by sprinkling on it a 
light powder, the sun’s image becomes feebler, but the mirror is 
visible from all parts of the room. Smooth, polished, perfectly 
reflecting surfaces, if such there luere^ would be invisible, and 
absolutely non-reflecting surfaces would also appear all equally 
black, and the two would be confounded with each other. The 
pencil of light seen by admitting light into a dark room is visible 
in consequence of the little motes floating in the air. If the sides 
of a glass vessel be coated with the transparent liquid glycerine, 
and the electric light be allowed to fall on it, its path is at once 
visible ; but after the lapse of son^p time the floating particles settle 
down and are fixed by the glycerine, and, as Tyndall has shown, 
the electric light now traverses the space without being seen. This 
may be illustvated by the followings simple experiment. Abeam of 
light admitted through a hole in the shutter of a dark room is 
directed u])on a mirror, from which it is reflected into a large wide¬ 
mouthed glass jar. If some smoke has been produced in the jar 
by dropping a piece of lighted touch-paper in it, the whole space 
inside is luminous,•which is not the case when the jar contains 
ordinary air. Two bodies, one white and the other black, placed 
in darkness, are quite invisible, for that which is white, not 
receiving any light, can reflect none. 

In the case of scattered reflection, the actual amount of light 
reflected to the eye by a surface of any kind is only a fraction of 
the light which falls upon it, and depends on the nature of the 
surface. If wc call the incident light 100, we have for that re¬ 
flected from freshly fallen snow 78, while paper 70, wiiite sand¬ 
stone 24, i>orpHyry i r, and ordinary earth 8. 

It is the diffused light reflected by the solid particles floating in < 
the air, by the clouds, by the ground, which illuminates our rooms/ 
and all bodies not directly exposed to the sun’s ray'?; and the 
larger the quantity of diffused light which a body sends towards 
fls, the more distinctly can W'C distinguish it. From the inside of 
bur rooms we well see external objects, for they are powerfully 
illuminated ; but from the outside w e only see confusedly the 
objects in the interior of apartments, for they receive but little 
light. If the atmosphere were perfectly transparent, there would 
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be complete darkness immediately after the sun had set; but 
’before sunrise, as well as after sunset, there is a considerable 
amount of light spread over the earth’s surface. This is due to 
the fact that the upper layers of the air diffuse the light which they 
receive before sunrise and after sunset, and thus give rise to the 
phenomenon known as twilight. In the ordinary sense of the word, 
this is as long as we can still read in the open, which is the case 
wfien the sun is O' below' the horizon. What is called astronomical 
twilight is when the smallest stars visible to the naked eye just 
disappear ; this is when the sun is i8® below’ the horizon. In the 
shortest summer nights twilight does not cease in our latitudes, 
because the sun at midnight is not 18'’ below the horizon. The 
more transparent and the purer the air, the shorter is tw'ilight, 
while it is prolonged by light clouds in the higher regions. On 
lofty mountain summits, where considerable part of the atmo¬ 
sphere is below the level, the direct rays of the sun are painfully 
intense, and the sky is by contrast dark. 

335. Direction in which we see bodies.- Whenever a pencil 
of light passes in a straight line from a body to our eye, we see it, so 


.. 



far as direction is concerned, exactly as it is ; but if, in consequence 
*of reflection, or any other cause, the pencil of light is deviated in 
its route, if it ceases to come to us in a straight line, we no longer 
see the body in its proper place, but in the direclioti of the pencil 
of rays at the moment it enters the eye. Thus, if the pencil AH is 
deflected at 13 (fig. 321), and takes the direction IlC, the eye does 
not sec the point A at A, but at in the prolongation of CH. 

This principle is general, and on it are based the numerous 
f^^ffects of vjsiqn which mirrors and lenses present. 

MIRRORS 

4^336. Mirrors. Images .— Mirror s are bodies with polished. 

show by reflectioiT^jeH^rwenteiJ tolIiemT“*TITic 
place at which objects appear is their image. According to their 
^H^e, they arc divided into plane and curt>ed mirrors. 
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We have an example of a plane mirror in the looking-glasses 
which adorn our apartments. In these mirrors it is not the glass 
which reflects light in sufficient quantity to give neat and well- 
defined images ; it is a layer of metal on the back of the glass. 
This layer is an amalgam of tin ; that is, an alloy of this metal with 
murcury'. The 'glass only has the effect of giving the mctaT'ttie 
necessary polish, and of preserving it from external agencies which 
tend to tarnish it. 

Metal mirrors are also constructed of gold, silver, steel, tin^ 
They all have the defect of tarnishi nL»- on contact with the air. 
'J'he first mirror was doubtless the surface of clear w'ater. The 
mirror of liquid mercury is often used by astronomers in observing 
the altitudes of heavenly bodies. 

337. Formation of images |in plane mirrors .—Plane mirrors 
arc those whose surface is plane. ^ To understand the formation 
of images in these 
mirrors, let us first 
consider the case 
in which a small 
object is placed in 
front of such a 
mirror — for in¬ 
stance, the flame of 
^ a candle. A pencil 
of light emitted by 
a point in this flame, 
and falling on the 
mirror, is reflected 
there, as shown in 
fig. 322. But it 
follows, from the 
laws of reflection, 
that each ray of 
this ])encil retains, 
ip rcterence to the 
mirror, the same 
obliquity as it had 
before; Avhence it 
follows that the 
‘Vcflected rays have the same divergence in reference to eacli other 
the incident rays. Hence, if we imagine the reflected pencil 
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prolonged behind the mirror, all the rays composing it will coincide 
in the same point. But as we alw'ays see objects in the direction 
which the rays of light have when they reach us (335), it folk)ws 
that the eye, which receives the reflected pencil, should sec the 
particular luminous point in the flame of the candle Just in the 
place where the prolongations of these reflected rays coincide. 
There, in fart, is produced the image of this point as seen in 

- 32-- 

If now, instead of considering a single luminous point placed 
in front of the mirrt)r, we consider a body of any dimensions, we 





need do no more than apply to each of its parts what li.is been 
'said in reference to a single luminous point, in order to undcTstand 
the formation of its image—for instance, in fig. 323, which repre¬ 
sents a person in front of a mirror, the rays from ilie forehead are 
reflectetf from the mirror, and return to the eye, pioducing a.n 
image of the forehead. In like manner the rays from the chin, 
being reflected from the mirror, reach the eye as if they proceeded 
from the chin of the image, and so on w'ith all parts of the face ; 
hence the illusion which makes us see our image on the other side 
of the mirror. ‘ 

338. Nature of the images in plane mirrors. Real and virtual 
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imagoes. —If, when looking in a mirror, we raise the right hand, it 
is the left which seems raised in the mirror; and if we raise the 
left hand, the right seems raised. We should falsely express this 
transposition of the parts of the imag'e in reference to the object 
if we merely said that the image was reversed ; if it were nothing 
else than the-object reversed, in raising the right hand the image 
should also raise the right hand, while it really is the left which is 
raised. 

This special relation which exists between an object and its 
image is expressed by saying that the image is symmetrical in; 
reference to the object; that is, that any point of the image is | 
arranged behind the mirror in identically the same manner as the ] 
corresponding point of the object in front. For it may be shown| 
by geometrical considerations that these two points are equidistant 
from the mirror, and on the same^ight line, which is at right angles 
to the surface. From the respective distance and position of the 
different parts of the object and of its image, it is concluded that 
the latter is of the same magnitude as the object, and equidistant 
from the mirror. ^ 

---"Lastly, imajLesjor.ncd i n plane inin})|g^ 
we mean that they have no real existence, and are only an illusion 
''hi the eyes. For in fig. 322, as well as in fig. 323, the light, as it 
docs not pass behind the mirror, cannot form any image there, and 
^\hat nhich we see has no existence ; this is expressed by the word 
'^>irfuat as opposed to actual or real. Virtual images are only an 
optical illusion ; but we shall soon see that, in concave mirrori^ 

■ “^dja lenses,. m.?/ji^fiS,,g.re,pvQdu.cedw]u^^ be^rc^ed.on. 
screens, and can produce certain chemical actions ; this is a 
criterion by which they are distinguished from virtual images. 

339. Multiple images formed by glass mirrors.- Metal mirrors 
which have but one reflecting surface only give one image : this is 
not the case with glass mirrors, the two surfaces of which refldtt, 
thoufih to unequal extents. For if wc apply any object—the 
point of a pencil, for instance -against a thick piece of polished 
glass, at first when it is looked at obliquely a very feeflle image is 
seen in contact with it; then, beyond it, another and far brighter 
one. The first image is due to the light reflected from the front 
‘surface of the plate—that is, from the glass itself; while the second 
is due to the light which, penetrating into the glass, is reflected 
. from the layer of metal by which the hinder face is covered. The 
difference in brightness of the two images is readily explained; 
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glass being very transparent, only a small quantity of light is 
reflected from the first face of the mirror, which gives the less 
. intense image; while 


the’ 



Fig. 324. 


greater part of the incident 
light passing into the mass 
is reflected from the surface- 
of the metal, and gives the 
brighter image. Fig. 324 
shows the multiple images 
of a candle obtained by 
reflection with a glass plalr 
the two surfaces of which 
each act as reflectors. 

The double reflection 
from ordinary plate-glass 
mirrors is prejudicial to the 
sharpness of images, so that, 
in scientific observations, 
mirrors of metal are usually 
preferred to glass ones. 

340. Reflection from 
transparent bodies. — We 
have seen that glass, notwithstanding its transparency, reflects a 
sufficient amount of light to give images which, though feeble, are 
distinct. The same is the case with water and other transparent 
liquids. Thus, on the borders of a pool we sec formed in the 

water the reversed image of objects on 
the opposite bank. We say reversed 
image, so as to express the appear¬ 
ance ; but more strictly we should 
say symmetrical, from what has been 
before said (338). A highly varnished 
picture is a mirror, and, if placed so 
as to reflect the light, the varnish 
prevents spectators from seeing the 
subject of the picture. 

' 341. Multiple images from twd 
plane mirrors.—When an object is* 
placed between two plane mirrors, 
which form an angle with each other, either right or acute, images 
^ -the object are formed, the number of which increases and the 



Fig. 325. 










Parallel Mirrors 
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brightness of which decreases as the angle between the mirrors 
decreases. If they are at right angles to each other, three images 
^.seen, arranged as represented in fig. 325. The rays OC and 
OD, from the point O, give, after a single reflection, the one an 
image O', and the other an image O", while the ray OA, which | 
undergoes two reflections, at A and B, gives the third image. O'". | 
When the angle of the mirrors is 60°, five images are produced, 
and seven if it is 45°. The number of images continues to increase 
in proportion as the angle diminishes, and when it is zero—that 
is, when the mirrors are parallel—the number of images is theo¬ 
retically infinite. In general, if two mirrors are inclined to each 
other they produce as many images, counting the object itself as 
one, as the angle between them is contained in 360®. 

342. Multiple images in two plane parallel mirrors.—In this 
case the number of images of an object placed between them 
is theoretically infinite. Physically the number is limited, for as 
the incident light is never totally reflected, some of it being always 

absorbed, the images gradually become' 
HH||||||^H||||||H ' fainter, and become-ultimately invisible. 

^ Fig. 326 shows how the pencil La 
reflected once from M gives at I the 


u 


I, ■ 


image of the object L at a distance 
;;; IL; then the pencil L^, reflected 
once from the mirror M and once from 
Fig. 326. N, furnishes the image V at a distance 

/7l' = «I; in like manner the pencil Lc, 
after two reflections on M and one on N, forms the image I" at 
a.distance mV'= m\\ and so on for an indefinite series. The 
images /, i\ f'' are formed in the same manner by rays of light 
which, emitted by the object L, fall first on the mirror N. 

The Kaleidoscope, invented by Sir D. Brewster, depends on 
this property of inclined mirrors. It consists of a tube, in 
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which are three mirrors inclined at 6o° ; one end of the tube is 
•closed by a piece of gfound tjlass, and the other by a cap provided 
with an aperture. Small irregular pieces of coloured glass ^*<1 
placed at one end between the ground glass and another glass 
disc, and on looking through the aperture, the other end being 
held towards the light, the objects and their images are seen 
arranged in licautiful symmetrical forms ; by turning the tube, an 
almost endless \anety of these shapes is obtained. 

CURVED MIRRORS 

343. Concave mirrors.—There are many kinds oi curved 
mirrors. Those most in use are called spherical mirrors^ from their 
curvature being that of a sphere. They may be either of metal or 
of glass, and are either concave or convex^ according as the reflec¬ 
tion is from the internal or the* external face of the mirror. For 
experiments on a small scale the phenomena of conca\e mirrors 
■may be shown by means of a cuived watch glass which is 
blackened on the convex side ; in like manner the phenomena of 
convex mirrors may be shown by one vvhich is blackened on the 
concave side. 

To facilitate the study of concave mirrors we will first consider 
'what is called a settiofi- that is, the figure obtained by cutting 

it into two equal 
parts. Let M N 
(fig- 327) be the 
section of a spheri¬ 
cal mirror, and 
C the centre of 
the corresponding 
sphere. In refer¬ 
ence to the sphere 
this point is called the centre of curvature ; the point A is the 
centre of the mirror. The right line ACX, which passes through 
A and C,^is the principal axis of the mirror ; any right line, /Ca, 
which simply passes through the centre C, and not through the 
• centre of figure, A,, is a axis. 'I'he angle MCN, formed 

by joining the centre and extremities of the mirror, is the aperturq. 
A pfincipal or meridional section is any section made by a plane 
'^rough its principal axis. In speaking of mirrors those lines 
^■)^one will be considered which lie in the same principal section.' 
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There is only one principal axis, but the nuniber of secondary 
axes is unlimited. 

1/Xhe manner in which light is reflected from cur\'ed mirrors is 
•easily deduced from the laws of reflection from plane mirrors, by 
considernig the surface of the former as made up of an infinitude 
of ^extremely small plane surfaces, all equally inclined to each other 
so as to form a regular spherical surface. Accordingly, on this 
hypothesis, when a ray of light falls upon any point whatever of a 
curved mirror, it is really from a small plane mirror that it is 
reflected; the reflection takes place then in accordance with the 
laws already laid down (336). 



Fig. 328. 


344. Principal focus of a concave mirror.—The sm^ll tacets, of 
which we have assumed concave mirrors to be made up„being all 
Inclined towards a common centre, which is the centre of curvature 
of.the mirror, it follows from this obliquity that the rays reflected 
by these mirrors tend to unite in a single point, which is called the 
focus^ as we have already feeen in the case of heat (228). 

» To explain this property of curved mirrors, let SI be a ray 
falling upon such a mirror parallel to the axis AX (fig. 327). From 
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the hypothesis assumed above, the reflection takes place at I, on 
an infinitely small plane mirror. It can be shown geometrically 
''that the perpendicular to this small mirror is represented, v 
the right line Cl from the centre C to the point I. Hence the 
JU^e SIC represents the angle of incidence, and if we hnagine, 
oM the other side of the perpendicular, a straight line IF, which 
nmkes vvitl»»d an angle FIC, equal to CIS, this straight line 
will be in the direction of the reflected ray. 

But when the incident rays are parallel to the axis of the mirror, 
as in the above example, it may also be proved geometrically, if I is 
hot far from A, that the point F, where the luminous rays cut the 
axis, is the middle of AC ; that is, it is equidistant from the centre 
of curvature and the mirron This property being common to all 
rays parallel to the axis, it follows that, after reflection, these 
rays will all coincide in the same focus, F, as shown in the figure. 

The focus described above—namely, the point halfway between 
the centre of curvature and the mirror—is called the principal 
focus ; it is the point of convergence of rays which before reflection 
were parallel to the principal axis. An example of this is seen in 
fig. 328, which represents a pencil of sunlight falling upon a con¬ 
cave mirror. If a small ground-glass screen be placed where the 
reflected rays tend to concentrate themselves, a very luminous 
^ point, or rather small circle, which is the image of the sun, will 
appear at the principal focus. 

345. Conjugate foci.—In the foregoing examples we have 
considered the case of pencils of parallel rays, which presupposes 
that the luminous object is at an infinite, or at all events a very 
great, distance. Let us now consider the case in which, the source 
of light being at a small distance, the rays falling on the mirror are 
divergent, as shown in fig. 329. Here the reflected rays are con¬ 
verged, but less so thati*^in figs. 327 and 328, which results from 
the divergence of the light in arriving on the mirror. Hence the 
point where the reflected rays coincide is more distant from the 
mirror than the principal focus ; instead of being at F, the 
principal«focus, it is at between the points F and C. This 
point, where the rays coincide, is also a focus. To distinguish 
it from the principal focus, F, it is called the conjugate focus of tjie 
point B, from % Latin word meaning connected ; for there is this 
connection between the position of the luminous point B and that 
^';of its focus, that when the luminous object is at B, the rays form 
their focus at b ; and that, conversely, if the luminous object is 
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removed to the reflected rays form their focus at B. Thu§, B 
and ^ Are QQjjjugatfi to each other. ““ 

1/Chere is only one principal focus, but the position of the.conju- 
•^te focus of B varies as B varies. For, suppose that in fig. 329 
the candlfe is removed away from the mirror, as the incident ra^^ 
malte then gradually increasing angles of incidence with ihSe 
perpendicular, cm^ the angles of reflection, cmb^ increase too, ami 
the focus b approaches the point F, with which it will ultimately 
coincide, when the candle is so far distant that the incident rays 
are virtually parallel. 

If, on the contrary, the candle is brought nearer the mirror, the 
rays falling upon it make angles with the pei-pendicular, f///, which 
are gradually smaller ; the angles of reflection, cmb, decrease also. 
Hence the rays reflected by the mirror coincide at gradually 



Fig, 329. ^ 

greater distances, and b advances towards the centie if the 
candle comes nearer the point, so as to coincide with it, the same 
will be the case with the image b ; so that the candle and its image 
will coincide at c. 

Lastly, if the Candle, always approaching the'mirror, passes 
between the centre of curvature and the principal focus F, the 
conjugate focus continually removing from the mirror, passes 
on the other side of the centre, and is formed at a greater dis- 
,tance the nearer the luminous body is to the principal focus; 
if the candle coincides with this latter point, the conjugate focus 
forms at an infinite distance -that is, the reflected rays become 
parallel. 

* .These different effects of reflection are a consequence of the 
constant equality between the angle of incidence and the angle of 

D D 
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reflection. They may be very simply verified by placing in a dark 
room a candle in front of a concave mirror successively in various 
positions, and then ascertaining by trial where the luminous fo^ 's 
is formed on a small screen of paper held in the hand, and brought 
nearer to or farther away from the mirror. 

346. Virtual focus.—After having described the different posi¬ 
tions of the point in which the rays reflected by a concave mirror 
coincide, when the luminous body is either beyond or in the 

principal focus, 
wc have to in¬ 
quire what br 
comes of these 
same rays when 
the source of 
light is at any 
point P, which 

Fie. 330. nearer the 

mirror than thc' 

principal focus (fig. 330). In this case the reflected rays form 
a diverging pencil, and cannot therefore produce any focus in 
front of the mirror ; but as regards the eye which receives them, 
they produce exactly the same effect as in plane mirrors (336); 
that is, the eye receives the same impression from the reflected 
rays IM and /;;/ as if the candle were placed behind the mirror, 
at the point /, where the prolongations of these rays coincide. 
Hence the image of the candle is seen at /, but as the light does 
not penetrate behind the mirror, this image does not really exist : 
hence the focus which seems to form at p is called the virtual 
focus, the expression being understood in the same sense as in 
plane mirrors. 'a 

347. Formation of images in concave mirrors. —Concave mirrors 
• give rise to two kinds of images, real and virtual. Their forma¬ 
tion is readily understood after what has been said respecting 
the conjugate and the virtual focus. We may, however, remark 
that wh^n a luminous or illuminated point is situated on the principal 
axis of a mirror, its focus, real or virtual, is always formed on this 
axis. This is‘the case in figs. 329 and 330; but if the lumiiious 
point is on a secondary axis, the focus is formed on this axis. 
Thi% if in fig. 327 a candle were placed at«/, on the secondary axis 
iCifj^the reflected rays would form their focus on the line C/. 
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That being admitted, let us see how images are formed in concave 
min-ors. 

f^Real image .—If a person places himself at a certain distance in 
•Tront of a^concave mirror, he no longer sees himself erect and of 
the ordinary size, as in plane mirrors, but reversed and much 
smaller. To this image the name real image is given to express 
that it is not an illusion, like that seen in plane mirrors, but that it 
has a real existence. For it may be received on a screen. If the 
mirror be placed in front of a brightly lighted object, as, for instance. 
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before a building on which the sun is shining, and a person places 
himself a little on one side, holding a small white screen in the 
position in which the conjugate focus should be formed, th® pencils 
from the various parts of the edifice are reflected from the mirror 
and fall on the screen, forming in miniature an image not less 
remarkable for the colour than for the fidelity of the outlines (fig. 
331); it has no other defect than that of being reversed 
. The formation of this image is readily explained. For from 
w'hat has been said in reference to conjugate foci {345), each point 
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of the image is the conjugate focus of the corresponding point of 
the illuminated body, and is on the same secondary axis. But as all 

the secondary axes from the ^ 
points of this body cross in the centre >- 
of curvature of the mirror, it follows, 
as shown in the figure, that the rays 
from the higher parts of the body 
converge towards the lower part of 
the image, and that conversely rays 
from the foot unite- on the higher 
parts of the same image, whief 
explains how it is that the latter is 
reversed. 

It is to be observed that the 
real image in concave mirrors is 
not always smaller than the object 
illuminated, as is the case in the 
above two figures ; it may also be 
pjg larger. This is the case when, 

the object being placed between 
the principal focus and the centre of curvature, its image is formed 
outside the latter, and it is then larger the greater the distance at 
which it is formed. 


Virtual image .—When a person is placed at a certain distance 
in front of a concave mirror, he sees himself smaller and reversed. 
If he comes nearer, there is a point at which no image is seen. 
This is the case when he is between the centre and the principal 
focus, for the image is then formed behind him. If he is in 
the principal focus itself, there is no image, f or we know (344) 
that the rays of ligflt proceeding from this focus, after being 
reflected from a concave mirror, produce a parallel pencil; hence 
.as the rays coincide neither behind nor in front oT the mirror, thty 
cannot give rise to any image. But, approaching the mirror, the 
image sud ienly reappears, and, instead of being smaller and 
reverseckas it w'as, is now erect and much enlarged, as in fig. 332. 
This is the virtual image. 

To account for the formation of this image, we must retrall 
what has been said about the virtual focus (346): first, that it-is 
only formed as long as the luminous or illuminated object is 
between the principal focus and the mirror ; second, that the 
virtual focus, or, what is the same thing, the virtual image of any 
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point of the object, is behind the mirror on the secondary axis 
which passes through this point. Hence, the head of the observer 
placed between the mirror and the principal focus (fig. 333), 
' all rays from any point, rt, of the face return to the eye after 
reflection, as if they proceeded from the point where the prb- 
loBgations of the reflected rays coincide on the secondary axis, 
CrtA. In like manner, rays from the point ^ return to the eye, as 
if they were emitted from the point Ti, which is on the prolongation 
of the secondary axis, C 3 h. 1 'he eye sees, therefore, at AB, an 
erect and enlarged image. 

348. Formation of images in convex: mirrors. We have 



already seen*that convex mirrors arc spherical mirrors, which re- 
IWft light from tTieir external surface—that is, on the bulbed side? 
Whate\ cr the distance of a luminous or illuminated object placed 
in front of these mirrors, we never obtain any other than a 
.virtual image situated on the other side of the mirrof, always 
erect, and smaller than the object. This may be verified by 
looking in a mirror of this kind as represented in fig. 334. The 
formation of this image can be easily explained by an inspection of 
fig- 335- It is here smaller than the object, for it is nearer than 
^ the latter to the point where the secondary axes coincide, while 
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the reverse is the case with the formation of the virtual image in 
the concave mirrors. 

The images of objects seen in concave or convex. 
ajppear smaller or larger, but otherwise similar geometrically, except ^ 

in the case where some parts 
of a body arc nearer the mirror 
than others. The distortion of 
featuies observed on looking 
into a spherical garden mirror 
is more marked the nearer we 
are to the glass. Objects seer 
in cylindrical ov conicalmn vors 
appear ludicrously distorted. 
From the laws of reflection the 
shape of such a distorted 
figure ran be geometrically 
constructed. In like manner 
distorted images of objects can 
be constructed which, when 
viewed in such mirrors, appear 
in their true proportions. They 
are called anamorphoses, 

349. Applications of mirrors. 
The applications of plane 
mirrors in domestic economy are well known. Mirrors are also fre¬ 
quently used in physical apparatus for sending light in a certain 
direction. The sun’s light can only be sent in a constant direction by 
making the mirror movable. It must have a motion which compen¬ 
sates for the continual change in the direction of the rays produced 
by the apparent daily^iotion of the sun. This result is obtained by 
means of a clockwork motion, to which the mirror, is fixed, and 
which causes it to follow the course of the sun. Such an appari*toi5 
is called a heliostat. The reflection of light is also used to measure 
the angles of crystals by means of the instruments known as 
rejlecting^goniomeiers. 

Concave mirrors have been employed for burning mirrors, and 
are used in telescopes, as they only give one image. They also 
serve as reflectors, for conveying light to great distances, by placing 
a luminous object in their principal focus. For this purpose para¬ 
bolic mirrors are preferable. 

The reflection of light from mirrors has been applied by Sir rf. 
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Mance in signalling at great distances by means of the sun’s light 
with an instrument called the heliograph. 

Jhc apparatus consists essentially of a mirror about 4 inches in • 
diameter mounted on a tripod, and provided with suitable adjust¬ 
ments, s6 that the sun’s light can be received upon it and reflected 
to a distant station. An observer then can see through a telescope 
the reflection of the sun’s rays as a spot of light. The mirror has 
an adjustment by which it can be made to follow the sun in its 
apparent motion. There is also a lever key by which the signaller 
can deflect the mirror through a very small angle either to the right 
or left, and thus the observer at a distant station sees corresponding 
flashes to the right or left. Under the subject of Telegraphy it 




I IS. 

will be seen how these alternate motions can be used to form an 
alphabet. 

The heliograph proved of essential service in the campaigns in 
Afghanistan, and quite recently in South Africa. Instead of any 
special form of apparatus, an ordinary shaving min or 01 handglass 
is frequently used ; and the proper inclination having been given 
so as to sentlUie sun’a rays to the distant station, which is very 
.*^lii>y effecte^tke signals are produced by obscuring the mirror 
by sliding a piece of paper over it for varying lengths of time. In 
this way longer or shorter flashes of light are produced, which, 
properly combined, form the alphabet. , 

Of course this mode of signalling can only be used where 
the sun’s light is available, but it has the advantage of being 
siflipl^ and portable. Signals have been sent in very fine 
weather at the rate of J2 words a minute, through distances of 
.40 miles. 
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chapter III 

RKFRACTION OF LIGHT 

350. Phenomenon of refraction.—When a pencil of light passes 
more or less obliquely from one transparent medium into another— 
for instance, from air into water, or from air into glass—it under¬ 
goes a deflection from the straight line in which it proceeds, as 
seen in fig. 336, which represents a ray of light passing from air 

into w'ater. This change in direction 
is called refraction^ from a Latin word 
meaning broken ; for the ray is, in fact, 
broken at the point A, where it passes 
from the direction LA to the direction 
AK. 

The ray LA is called again the in- 
cident ray ; AK is the refracted ray \ 
the perpendicular, BC, drawn at the 
point of incidence, A, of the surface, 
MN, which separates the two media, 
is called the normal or perpendicular ; the angle, B A L, is called 
the angle of incidence ; and the angle, C A K, the angle of refrac¬ 
tion. If the angle 0^incidence is zero—that is, if the incident ray 
is perpendicular to the surface—the same is the case with the 
refracted ray, and light thus travels in a straight ’ine; iLri,^it 
•is not refracted. 

Thus, if a pencil of the sun’s rays which enters through a shutter 
in a dark room be allowed to fall on a glass vessel containing water 
(fig. 338^, the pencil can be very distinctly seen to be broken as it 
passes from air into water, especially if some light powder has been 
diffused through the air and the water so as to make the pencil more 
visible (334). 

351. Laws of refraction.—When a ray of light is refracted in 
passing from one medium to another of a different refractive power, 

f the following laws prevail :— 
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^ I. Whatever the obliquity of the irmtjlent ray^ the ratio which 
the sine of the incident angle bears to the ^ne of the angle of refrac¬ 
tion is constant for the same two media, but varies with different 
media, 

II. The incident and the refracted rays are in the same plane, j 
which is perpendicular to the surface separating the two media. 

These laws may be understood by reference to fig. 337, in 
which the ray, L A, passes from air into w'ater. If, from the point 


of incidence, with a 
radius equal to unity, 
a circle be described, 
and from the points 
m and p, where it 
cuts the incident 
and refracted rays, 
perpendiculars, mn 
and pq, are drawn to 
the normal, B C, the 
former is called the 
sine of the angle of 




incidence, and the second ihe. sine of the angle of refraction. 

It is the ratio of these sines, these perpendiculars, which is 
■constant; that is, pq, for instance, being three-quarters*of mn, if 
the angle of incidence diminishes or increases, the angle of refrac¬ 
tion does F.o too, but the sine of the latter will always be three- 
quarters of the sine of the former. 

This constant ratio is called the refractive index, or im^x of 
” rjefraction of water ; its value varies with different transparent, 
media. Thus, from air to water it is from air to glass |, and from 
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air to diamond it is or, 1*33, i‘5, and 2*5 are the refractive indices 
respectively of water, glass, and diamond with respect to air. 

The above laws may be demonstrated by means of the apparatus 
represented in fig. 339, which resembles that by vhich the laws of 
reflection were shown (fig. 319), except that, instead of thb mirror 
1ft, there is a semi-cylindrical glass vessel R filled with liquid, and 
that the surf.icc is at the same level as ni. The pencil of light from 
the souice S is reflected from the mirror M, and passing through 
the tube i, it falls on the suifacc of the water at O Here it is 
refracted on entering the winter, and the path of the r?y may 

be followed by turning 
the limb K until i bright 
spot appears on the 
screen e. The angle 
K O E which the limb 
K makes with the per- 
pendiculai I E to the sur¬ 
face at the point of inci¬ 
dence, is the angle of 
refraction. Now the 
angle EOF is equal to 
the angle M O I, which 
is the angle of incidence, 
and the line F H is ac¬ 
cordingly the sine of this 
angle, and can be read 
off on the scale below to 
which it is parallel, and 
the sine of the angle 
KOE is given directly 
on the scal^^ 

Now, "by displilbw^. 
the position of the mirror, M, so as to get different angles of inci¬ 
dence, we get also different angles of refraction, but the ratio of 
their sin%s is always constant; that is, if the sine of the angle of 
incidence becomes twice or thrice as large, the sine of the angle ot 
refraction increases in the same ratio, which demonstrates the fii;st 
Jaw. The second law follows from the arrangement of the appara¬ 
tus, for the plane of the graduated limb is perpendicular to'the 
surface of the liquid in the semi-cylindrical vessel. 

352. Refracting substances.—When a ray of light is refracted 
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in passing from one medium into another, sometimesi^it approaches 
the perpendicular, forming an angle of refraction which is less 
than the angle of incidence, as is the case in the above figure ; 
sometimes, on the contrary, it is deflected away, forming an angle 
of refraotion which is greater than the angle of incidence. In the 
first case the second medium is said to be more refractive than the 
firs’t, and in the second case it is less so. 

Among the most refractive bodies are water, alcohol, ether, the 
volatile oils, etc. Diamond is the most refractive of all bodies. 
Gases are less refractive than water; their refracting power is 
increased by condensing them—that is, by increasing their 
density. 

353. Experimental illustration of refraction.—The deviation 
undergone by luminous rays, on passing from one medium to 
another, may be demonstrated by numerous experiments. 

'rhus, let a coin be placed at tWe bottom of an opaque vessel 
(fig. 340), and let the eye be placed so that the edge of the vessel 
just intercc])ts the view ot 
the coin. If, now, without 
altering the position of the 
observer, water be gradu¬ 
ally poured into the vessel, 
at first only the edges 01 
the coin will be seen, then 
half, and finally the entire 
piece. N o w, what has taken 
place here ? Nothing has 
been changed in the position 
of the eye, or in that of the 
coin ; it is thq rays from the latter which have changed their direc¬ 
tion. Thgggj^vhich were before intercepted by the sides of the 

jj«jpM^Sreso^jSill; but rays w^hich, before there was water in the^ 
ves.‘i<*l, passed above the observer’s head, are directed towards the 
eye, being refracted in passing from water into air, so as to diverge 
from the perpendicular to the surface of the liquid, as represented 
ih the figure. 

' 354. Various effects of refraction.—Refraction of light pro¬ 

duces various phenomena, the effect of which is to deceive the eye 
by* making us see objects in other than their tine positions; thus, 
,we do not see fish in the place they actually occupy, but a little 
higher. It will be understood that in \irtue of the same principle 
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we see the bottom of a clear river or a pond higher than it 
really is ; water that appears to be 3 feet deep is in reality 4 feet. 

The same cause makes a stick half immersed in water appear 
broken when it is looked at at the side ; for the portion out of the 

water is seen id its true 
position, while that which 
is immersed appears 
raised, from which results 
the appearance or the 
stick being broken at the 
surface of the liquid (^g. 
341). The part of a ship 
or boat visible under \a ater 
appears much flatter than 
it really is. 

In conclusion, the in¬ 
fluence may be mentioned 
which refraction exerts 
upon the apparent rising 
and setting of the stars, which we can see a little before they 
are above the horizon and a little after they have sunk below it. 

To explain this pheno- 
rpenon, let us suppose 
the atmosphere divided 
into layers parallel to" 
the surface of the globe, 
as represented in fig. 
342. Owing to the 
pressure exerted by the 
Fig? 342. upper layers upon the 

lower ones',letter arc 
.more dense (140), and therefore more refract!ve'f for, as welfcT. 
seen, the refracting power of the air increases with its density 
(352). The sun’s rays, which penetrate the atmosphere, are 
, always refracted in the same direction as they pass from one layer 
to another; hence their path, instead of being that of a straight 
line, will be i^ally somewhat curved. Thus it is that, while the Gun' 
is at S, below the horizon, an observer at A, on the surface of the 
earth, will see it raised by an amount which is generally equal to 
its apparent diameter. The air renders the sun visible when it in 
^ in fact below the horizon, in just the same way as a coin in fig. 340 
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is made visible. Hence in astronomical observations a correction 
must be made for this source of error, in order to obtain the true 
position-of a star. This principle explains why the coast of 
France is often seen from Hastings, though a straight line 
connectiAg them would, owing to curvature, pass through the sea. 

,355. Change of refraction to reflection.—Whenever light passes 
from one medium into a more refractive one, from air into wate^, 
for instance, there is nothing to prevent the refracted ray from 
approaching the perpendicular to form an angle smaller than the 
angle of incidence; but if, on the contrary, the second medium is 
less refractive than the first, in which case the refracted rays 
recede from the perpendicular, there is a limit to their deviation, 
and hence refraction may become impossible. 

To gel a clearer idea of this, let us imagine a hollow glass 
sphere half filled with water (fig. 3^3), and a ray of light, LA, to 
enter the liquid without being re¬ 
fracted, which is the case when it 
penetrates at right angles the small 
facet which we can always con¬ 
ceive to exist at the point at which 
it enters. I'his ray is refracted at 
A in passing from water into air, 
and diverges from the,perpcndicu- 
lar, liAC, in the direction AR. 

Now, conceive the uminous body 
to move gradually from AC ; as 
the angle of incidence, CAL, in¬ 
creases, the angle of refraction, 

HAK, does so loo; and the angle 
of incidence niay acquire such a magnitude that the icfracted ray 
eivcru^ir^pJftiS^el to the surface, AM, of the liquid. This angle of 
2||i#mnce is whaf corresponds to the It mil of refraction. It is called, 
the a itical atigle. For, for any greater angle of incidence, the angle 
of refraction should exceed the angle BAM ; and the light would 
tjien take below AM a direction such as hr. There would, however, 
then be no refraction, for the light, always travelling through water, 
does not change its medium. If the incident ray be then repre¬ 
sented* by /A, and if we measure the two angles /AC and CAr, it 
will*be found that they are exactly equal, which shows that at the 
point A the light is reflected according to the laws of reflection. 

This kind of reflection at the surface which separates two 
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media of different refracting power is called internal reflection ; 
it is also called total reflectioHy for here the whole of the incident 
light is reflected, which is never the case in ordinary reflection, 
even in the best polished surfaces (333). 

The phenomenon is frequently met with ; thus, it a silver spoon 
be placed in a glass of water, and the glass be raised above the 

eye, the surface of the liquid is seen 
to be brighter than the polished metal 
and one portion of the spoon forms an 
image in it as in a mirror. Similar 
effects arc met with in aquariunu. 
The upper surface of the liquid, when 
looked at from a suitable position 
below, gives a reflected image of the 
obiects it contains. If a stout test 
tube (fig. 344) half full of water is 
placed in a vessel of water, standing on 
a sheet of white paper so that it 
makes an angle of about 60"—but at 
any rate over 48°—on looking at the tube from above, the rays 
a’a reflected from the portion of the tube which contains air are 
far more brilliant than the rays b'b reflected from that in which 
is the water. If a layer of benzole be poured on water contained 
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in a small beaker (fig. 345), and the bounding surface of the two 
liquids be looked at obliquely from above, it appears with the 
brightness of silver, for at a certain angle the rays cannot pass 
into the water, but are totally reflected. 

In the second vessel are water and bisulphide of carbon (flg. 
346). Here the bounding surface appears dull; only a portion'oil 
the rays are reflected there, most of them passing from the water 
into the denser and more highly refractive bisulphide of carbon. - ' 

Bubbles in water, again, glisten like pearls, and cracks in 
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transparent bodies like strips of silver, for the oblique rays are 
totally reflected. The lustre of transparent bodies bounded by 
plane surfaces, such as the lustre of chandeliers, arises mainly 
from total reflection. This lustre is more frequent and more 
brilliant, the smaHer the limiting angle ; the lustre of diamonds, for 
this reason, is the most brilliant. In cutting precious stones they 
are so shaped that the rays do not emerge in consequence of ordi¬ 
nary refraction, but, being totally reflected, have unusual lustre. 

Masses of small particles of perfectly transparent bodies sepa¬ 
rated by particles of air are themselves opaque. Thus, white sand 
is powdered transparent quartz ; foam is made up of transparent 
thin layers ; cloud, fog, snow, are accumulations of particles of 
transparent water or ice. In all such cases the incident light which 
penetrates must pass innumerable times into the air, which has A 
different refractive index, by which gt is gradually totally absorbed. 
If the interstices between the particles of powdered glass are filled 
up with rock oil, the refractive index of which is nearly that of 
glass, the glass appears again transparent. If a false diamond 
be placed in a transparent liquid which has the refractive index 
of true diamond, it can at once be detected by its being visible, 
’riiis may be illustrated by means of the apparatus represented 

in fig, 347, which consisib of a tube con¬ 
taining bisulphide of carbon, while through 
the cork passes a flint-glass rod, these 
substances having almost exactly the same 
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A cork disc, TT', about an inch and^a half in diameter (fig. 348), 
to which is fixed perpendicularly a brass pin, A, about an inch 
long, is floated on water. With these dimensions the rays from 
the pin which strike the surface of the water outside the cork do 
so under an angle greater than the limiting angle, and are there¬ 
fore totally reflected; so that to an eye placed in any position 
above the surface of the water the pin is invisible, while if the eye 
is placed below the surface, as at B, an image of the pin is seen by 
reflection. 

The apparatus represented in fig. 349 affords a beautiful illus- 
! tration of the effects of internal reflection. It consists of a mt.al 

cylinder filled 
with water, 
which is made 
very slightly 
turbid by add¬ 
ing a few drops 
of solution ot 
mastic, or fluo¬ 
rescent by the 
addition of 
cosin, having 
near an aper¬ 
ture the bottom 
Fig. 349. which can be 

closed by a 

stopper. E.\actly opposite is a sort or glass window in the side, 
near which is a phino-convex lens (360); the focus of this is such 
that the luminous cone from a lime or electric light just falls 
on the aperture. When the stopper is removed the water jets 
out and, as may be showm, in the form of the curt^-known as 
the parabola. Now-, from the property of this curve, any ray of^ 
light which strikes against the inside does so under an angle 
greater than 48°, which is the critical angle ; accordingly, this light 
undergoes a series of successive internal reflections. The fluores-, 
cence or the turbidity, by scattering a portion of the light, enables 
it to emerge, which it could not do if the water were perfectly clear, 
and the jet appears like a stream of white-hot metal. 

A further illustration of this is afforded by the experiment 
represented in fig. 350, by which light may be transferred from one 
f part to another without illuminating the intervening space. In the 
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glass rod a bj if not too strdhj^ly curved^tise light from /, entering at 
one of the plane ends, is repeatedly reflected at the inner sides of 
the ‘rod/ and emerges at the other end. The ^ 
glass rod acts thus on the rays of light like a 
speaking-tube on sound waves. 

.356. Mirage.—The mirage is an optical 
illusion by which .inverted images of distant ob¬ 
jects are seen as if below the ground, or some¬ 
times as if in the atmosphere. This phenomenon 
is of most frequent occurrence in hot climates, 
and more especially on the sandy plains of 
Egypt. The ground there has often the aspect 
of a tranquil lake on which are reflected trees 
and the surrounding villages. The phenomenon 
has long been known ; but Monge, who ac¬ 
companied Napoleon’s expedition to Egypt, was 
the first to give an explanation of it. 

It is a phenomenon of refraction, which results 
from the unequal densitv of the different layers of the air when they 
are expanded by contact with the heated soil. The least dense 
layei s are then the lowest, and a ray of light from an elevated 
object, A (fig. 351), traverses layers which are gradually less 




-jfiftactlng; for, as we have shown (353), the refracting power of 
a gas diminishes with lessened density. The ray continues its path, 
being, however, more and more bent frorr- one layer to the other, 
until the angle of incidence, which continually increases, reaches 
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the limit at which internal reflection succeeds to refraction (355). 
TThe ray then rises at O, as seen in the figure, and undergoes a 
series of successive refractions, but in a direction contrary to the 
first, for it now passes through layers which are gradually more and 
more dense, and therefore more refracting. The ray then reaches 
the eye in the same direction as if it had proceeded from a point 
below the ground, and hence it gives an inverted image of the 
object, just as if it had been reflected, at the point O, from the 
surface of a tranquil lake. 

Mariners sometimes see in the air images of the shores, or of 
distant vessels. This is of more infrequent occurrence, but is due 
to the same cause as a mirage, though in a contrary direction : 
it only occurs when the temperature of the air is above that of the 
sea, for then the lower layers of the atmosphere are denser, owing 
to their contact with the surface of the water. The images of distant 
objects which are visible to us in consequence of an unusual atmo- 
spheric refraction and reflection in the air, may, when the density 
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of the varimis layers changes irregularly, appear not only distorted, 
but even in continual motion. The best example of this is what is 
known as the fata morgana^ which are often seen at Naples, 
Reggio, and on the coasts of Sicily. I'here are suddenly seen in the 
air at a great distance ruins, columns, palaces, castles, etc.—in short, 
a multitude of objects whose appearance is continually changing. 
This fairy-like phenomenon depends on the fact that bbjects become 
visible which are not so in the ordinary condition of the air, antSr 
which appear to be broken, distorted, and continually moving 
because the unequally dense layers of air are in a constant state of 
motion: Scoresby observed several such cases in the Polar Seas. 
To the same class of phenomena belongs the tremulous appearance 
of objects seen through the current of hot air arising from a chimney 
or a spirit-lamp. It is related that in this way clandestine'stiils have 
been detected by the revenue officers. Some of the'stories of second 
sight may possibly have their origin in phenomena^of this kind.. 

The twinkling or scintillation of the fixed stars is also to be 
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accounted for by alterations in the directibn of the motion of their 
light due to refraction in the atmosphere. It has been observed 
that this'twinkling is especially marked when the air has been dry 
for a loi^g time, and more aqueous vapour begins to diffuse, by 
which inequalities of density are produced ; thus a marked increase 
of the brightness of the twinkling is to seafaring people a sign of 
approaching rain. 

The effect of the mirage may be illustrated artificially, as Dr. 
Wollaston showed, by looking along the side of a red-hot poker at 
a word or object ten or twelve feet distant. At a distance less than 
three-eighths of an inch from the line of the poker, an inverted image 
was seen, and within and »vithout that an erect image. A better 
arrangement than a red-hot poker is a flat sheet-iron box, about 
3 feet in length by 5 to 7 inches in height and breadth (fig. 352); it 
is filled with red-hot charcoal and held at about the level of the 
eye. Looking over the lid of the box in the direction pm a direct^ 
and in the direction pm^ an inverted^ image of a distant point, w, is 
seen. The same phenomenon is observed by looking along the 
sides. 

Another instance which may be given is the observation of 
Sir Robert Ball, who, when on board ship, noticed the moon rise, 
he being in such a position that the line of sight grazed the funnel 
under an angle of 20° ;• the appearance of its light reflected from 
the black surface was so brilliant as to suggest the idea that the 
reflection was from a highly polished mirror. 
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chapter IV 

EFFECTS OF REFRACTION THROUGH PRISMS AND THROUGH 

LENSES 

357. Media with plane parallel faces.—When a pencil of light 
traverses a transparent medium, three cases may be considered, 
Fiist, that in which the medium is comprised between two parallel 

planes ; secondly, that in which it is 
comprised between two plane surfaces 
inclined towards each other ; thirdly, 
tl^^t in which the medium is com¬ 
prised between two curved surfaces, 
or between a curved and a plane sur¬ 
face, which gives rise to similar 
effects. , 

We will start with the consideration 
of the first case, and let L;« be a ray of 
light traversing a glass plate, AB, with 
parallel faces (fig. 353). In passing 
from air into glass at the point w, 
this ray approaches the perpendicular ; but as, on its emergence 
from the glass at the point «, it deviates from the perpendicular by 



Fig- 3S4- Fig. 355. 

exactly the same amount, it follows that, after having traversed the 
glass plate, its direction nO is exactly parallel to \jn ; whence we 
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conclude that light is displaced,*but not deviated, when it traverses 
a medium with parallel faces, such as ihe glass in our windows. 

This.holds only when the two surfaces are quite parallel and 
true planes, such as plate glass ; seen through ordinary glass, ob¬ 
jects oftdn appear out of shape. 

,If a glass plate is placed over a sheet of paper on which are 
marked straight or curved lines, and they are looked at obliquely, 
a break is seen (fig. 354), which is not so when the lines are looked 
at perpendicularly (fig. 355). 

358. Prisms .—K prism is the term applied in optics to any 
transparenTnTedium comprised between two plane faces inclined 
to each other. Thus, the facets of a glass stopper taken in pairs 
form as many prisms. 

Fig. 356 represents the shape and arrangement of a prism for 
optical experiments. It is a piece of glass bounded by three plane 
faces, and its ends are equal and parallel triangular faces. The 
mass of glass thus cut may 
be turned about an axis 
parallel to its edges ; and it 
is, moreover, mounted on a 
stand with a double joint, so 
that it can be placed in any 
position whatever. , 

Prisms produce a remark¬ 
able effect upon light which 
traverses them. First a 
yiation^ and second a decom¬ 
position into various kinds of 
light. Although these 
are always smiultaneQqs, we 
shall examine the first by 
itself; the second will be 
afterwards investigated under 
the head of dispersion. 

359. Path of rays in a 

prism.—To trace the path of 
a-ray of light in passing 
thro ugh a prism, let us sup- ^ , 

posS this cut by a plane perpendicular to its edges, and let mno 
357) be the section thus obtained. If we consider the path of 
a ray of light, La, along this section and meeting the prism at a, 
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this ray approaches the perpendicular to the surface ;««, and takes 
the direction ab. But on emerging from the prism it is again 

broken in the same 
direction, being de¬ 
flected away from the 
perpendicular at the 
surface mo ; for it 
passes into a less re¬ 
fracting medium. It 
forms then a broken 
line Lab/:; so ♦hat 
the eye which re¬ 
ceives the ray, bo, 
which is called the 
emergent ray, sees the object in the direction cbr —that is, raised 
towards the point m (335); which is expressed by saying that an 
ol^ect seen through a prism appears deflected towards the summit— 
that is, towards the edge which separates the faces of incidence 
and emergence. 

The phenomenon is very easily demonstrated by observing 
any object whatever through a prism, as represented in fig. 357. 
The object appears to be raised when the summit of the prism is 
uppermost, and lowered when the summit is downward. If the 
prism is vertical, the image is displaced either to the right or to 
the left of the observer, according to the position of the refracting 
edge in either direction. 

This property which prisms have, of twice deflecting the light 
in the same direction, forms the basis of what has to be said about 
lenses. 

If we have a%lass prism whose section, ABC (fig. 358), is a 
right-angled isosceles triangle, and if a ray of light, I, falls per¬ 
pendicularly on the face AC, it will 
not be refracted; blit it falls on 
the face AB, and, as can easily 
be shown, makes with the face an 
angle of 45°. Now, this angle is 


so that the ray IH undergoes at 
H total reflection, and takes the 
direction HO, perpendicular to the face CB ; the face AB produc¬ 
ing the effect of the most perfect plane mirror. 
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This property of rectangular prisms is frequently made use of 
when it is desired to change the direction of rays with the least loss 
of light, SLS in the prismatic compass (422); it is also employed 
in apparatus for projection, where a phenomenon which takes 
place on n horizontal plate, like that in fig. 421, is to be shown on 
a vertical screen. 

LENSES 

360. Different kinds of lenses.—In optics the name kns is 
given to masses of glass bounded by two spherical surfaces or 
by a plane and a spherical surface. The true lens, the only 
one to which the name is strictly applicable, is that in which both 
surfaces are bulged outwards, such as are represented in a side view 
in fig. 359, but this term of lens has been extended to other masses 
of glass, from the analogy of their action on light. 

They are usually made either of crmvn glass^ which is free from 
lead, or of flint glass^ which contains lead, and has greater refrac¬ 
tive power than crown glass (352). 

The combination of spherical surfaces, either with each other 
or with plane surfaces, gives rise to six kinds of lenses, sections of 
which are represented in figs. 360,361 j four are 
formed by two spherical surfaces, and two by'a 
plane and a spherical surface. 

• ■ M is a double convex^ N is a plano-convex^ P 
is a double concave^ Q is a plano-concave. The 
lens O and the lens R are called meniscus 
lenses, from their resemblance to the cres¬ 
cent-shaped moon. They are convexo-concave 
or concavo-convex-.^ according to the face pre¬ 
sented to the object. 

The first three, M N and O, which are thicker 
at the centre than at the borders, are converging’., 
the others, which are thinner in the centre, are 
diverging. In the first group the double con¬ 
vex lens, M, only need be considered, and in 

• the second the double concave, P, as the pro¬ 
perties of these lenses are in principle the same 

■* <^ a iall those of the corresponding groups. 

361. Principal axis; optical centre ; secondary axis.—Before 
* describing the properties of double convex lenses, we must 
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premise some definitions analogous to those already given for 
mirrors. A double convex lens is, as shown in fig. 362, the portion 
common to two spheres which intersect each otherT^hat being 
understood, the centres, C and t', of these spheres are called the 



Fig. 360. Fig. 36J 




centres of curvature of the faces of the lens, and the straight line, 
XY, which passes through these points, is Xh^pfinctfal axis. 

Besides these two centres of curvature, there is a remarkable 
point in the lenses, called the optical centre. The name is given 

to a point, O, 
on the principal 
axis equidistant 
from the two 
faces of the lens 
—at all events, 
when they have 
the same cun'a- 
turcs, which is 
the usual case. 
Now, it can be 

shown by geometrical considerations that any ray of light which 
passes through the optical centre emerges without deflection—that 
js, it comports itscl/just as if it traversed a medium with parallel 
faces (357)—while the luminous rays which do not pass through 
this point are deflected twice in the same direction, as in passing 
through prisms (359). 

Any straight line, KH, which passes through the optical centres 
without passing through the centres of curvature, is a secondary 
axis. ThereWonly one principal axis, but the number of secondaj-y 
axes is unlimited. We shall subsequently learn that the princl^r’ 
and the secondary axes play exactly the same part in the formation, 
of images in lenses as they do in concave and convex mirrors. 
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On this assumption we may conceive, at the points of incidence 
and emergence, two plane surfaces, more or less inclined to each 
other, producing the same * 

effect as a prism with the A 

angle A^fig. 363)- We may j\\ 

then assimilate each of the 
lenses M, N, O (fig. 360) to 
a series of prisms joined at 
the bases, and the lenses 
P, Q, R (fig. 361) to a simi¬ 
lar series joined in the 
opposite direction. This 
shows why the formei 
should conver\ire the rays 
and the latter diverge them, 
since a ray of light which 
has passed through a prism 
is deflected towards the 
base. Hence all convex 
lenses are convergent^ and 
concave lenses divergent. 

In order to compare the 
path of the luminous rays in 
a lens with that in a prism, 
the same hypothesis is made 
as for curved mirrors (343) 

—that is, the surfaces of 
these lenses are supposed to 
be formed of an infinity of 
small plane surfaces or elements ; the normal at any point is then 
the perpendicular to the plane of the corresponding element—at 
;//, for instance, it is the straight line wC joining the point m to 
the centre of curvature; in like manner, at n the normal is cn. This 
being premised, the properties of lenses are easily deduced from 
t;Jiose of prisms (359). 

362. Path of rays in double convex lenses. Fod.—The rays 
of light which traverse a letis may be either parallel or divergent; 
_ we w ill first consider the former case, and suppose, further, that 
^^e rays are parallel to the principal axis, as is shown in fig. 364. 
•Fjrom the above hypothesis, that the curved surface of a lens is an 
assemblage of small plane facets, or elements inclined towards 
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each other, it will be seen that the ray X, which coincides with the 
principal axis, traverses the lens perpendicularly to the facets on 
entrance and emergence ; and that, therefore, it continues to travel 
in a right line, as traversing in reality a medium with parallel faces. 
This, however, is not the case w'ith any other ray, L, more or less 
distant from the principal axis ; for here, the small facets at the 
points of incidence and emergence being inclined to each other like 
the faces of a prism, the ray is twice bent in the same direction, so 
as to cut the principal axis in a point F. Any other ray, M, is de¬ 
flected in the same manner, and, although more distant from the 
principal axis, will cut it at F ; which arises from the fact that the 
two opposite facets at the points of entrance and emergence, being 
the more inclined to each other the nearer they are to the edges 
of the lens impart to the ray a greater deviation. All rays parallel 
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to the’axis behave in the same manner after having traversed the 
lens, and it can thus be understood how a parallel pencil is trans¬ 
formed into a converging pencil. The point where all the rays 
which were parallel to the axis coincide is called, as in the case of 
, mirrors, the principal focuSy and we shall represent it by the letter 
F. Jt may be forced on either side of the lens, according to the 
direction in which light falls on the lens. The distance of either of 
the principal foci from the lens is called the focal length of the lens. 

The focal length of a double convex lens is the shorter the 
greater the curvature of its faces. It depends also on the nature 
of the material of which the lens is formed ; the greater the refrac¬ 
tive index (351), the shorter is the focal length. Thus, a lens of 
water, the refractive index of which is 1*336, would have a greater* 
focal length than one of glass, whose refractive index is i *5. A lens 
of diamond, the refractive index of which is 2*4, or of ruby, ag a ff ” ' • 
would have a shorter focus than one of glass; supposing of course 
tht curvatures of the faces to be the same in each case. A glass 
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globe filled with water is sometimes used to concentrate the light of 
a lamp on an object, as in wood engraving. 

Xhe position of the principal focus of a convex lens is fixed, 
and is easy to determine ; nothing more is required than to 
receive dh the lens a pencil of parallel rays—a pencil of sunlight, 
for,instance—and then to hold behind the lens a sheet of white 
paper. By moving this, a position is found in which the luminous 
circle formed on the screen is least in size but brightest in lustre ; 
this point is the principal focus. 

Where sunlight is not available, the principal focus may be 
determined by ruling a scale on paper, and then holding the lens 
between it and a movable screen. The ruled paper should be 
brightly illuminated by a lamp or otherwise. By varying the posi¬ 
tion of the lens and screen, a position is found by trial in which 
the object and its image are of the same size ; that is, the lines on 
the screen the same distance apart 5 .s those on the scale. Measur¬ 
ing then the distance between the image and the object, the focal 
distance of the lens is one-fourth of this. 

363. Conjugate foci.—We will now consider the case in which 
the source of light is at a small distance, but yet farther than the 

Fig. 365. 



Fig. 366. 

principal focus (fig. 365). The pencil which falls upon the lens 
^ing then divergent, it follows that, after having traversed the 
,lens, the rays converge less rapidly than in fig. 364, and that, 
therefore, they no longer coincide in F, but beyond it, in a point* /, 
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which is called the conjugate focus of the point L, to express, as in 
concave mirrors (345)> the correlation of these two points, which is 
of such a kind that when the luminous object passes from L to /, 
the conjugate focus conversely passes from / to L. Thus, L and / 
are conjugate foci ; each is the focus of rays starting from the 
other. 

The position of the conjugate focus is not fixed ; it varies with 
that of the luminous object: the nearer this is to the lens, the more 
distant is the conjugate focus, as shown bycompanng fig. 366 with 
fig. 365 ; in fact, the incident rays being more and more diverging, 
the emergent rays are necessarily so too. 

We will now consider the case in which the luminous object, 
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coming continually nearer the lens, ultimately coincides with the 
principal focus (fig. 367). This being the point where rays parallel 
to the axis coincide, it follows, conversely, that luminous rays 
which start from this point pursue in the opposite direction the 
same path as in arriving—that is to say, that they form a pencil 
parallel to the axis on emerging from the lens, and that in this case 
no focus can be produced at any distance. 

364. Virtual focus. -We have still to consider another focus, 
the virtualfocus. Let us suppose that a luminous object, continu-' 
ally coming nearer the lens, ultimately comes between it and the 
principal focus (fig. 368). The divergence of the incident penci! 
i being then greater than in fig. 367, it follows that the rays after* 
emergence will be more and more spread out than in this figure ; 




% 
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they should, therefore, become divergent, as shown in the pencil 
M N. The eye which receives these rays will suppose that they 
proceed-from the point /, where their prolongations coincide ; in 
this point the image of the luminous object will appear. It is then, 
however, only a virtual focus, just like thai in a concave mirror, 
when the luminous object is placed between the mirror and its 
principal focus. 

365. Summary of the properties of double convex lenses.— 

From what has been said, we may deduce the three following prin¬ 
ciples as to the properties of double convex lenses :— 

I. Rays of light parallel to the axis, after having traversed a- 

double convex lens, converge to a single point, which is the prin¬ 
cipal focus (fig. 364); and, conversely, rays from this point form, 
on their emergence from the lens, a pencil parallel to the axis 
(fig. 367). ^ 

II. Rays of light emitted from a point outside the principal 
focus converge on emerging from the lens, and coincide in a point 
called the coiyugate focus (fig. 365), which is formed at a greater 
distance behind the lens, the nearer the luminous object is to the 
principal focus (fig. 366). 

III. Finally, the rays from a point between the lens and the 
principal focus diverge as they emerge, and give rise to a virtual 
focus on the same sidp as the object (fig. 368). 

A knowledge of these properties of fori is requisite in explaining 
the formation of images by lenses. 

FORMATION OF IMAGES IN LENSES 

366. Real images produced by double convex lenses.—The 
refraction of light in double convex lenses gives rise to images, 
which are quite comparable with those seen by reflection in con¬ 
cave mirrors (347), and which, like these, are of two kinds, real and 
virtual. 

We will first consider the case of the real image. This is 
,formed whenever any object is placed in front of a convex; 
lens outside its principal focus; the lens reproduces then, on the 
N)ther side, a reversed image of the object, which may be caught 
upon a screen (fig. 369), and is equally remarkable for the fidelity 
li^of the colour and for the accuracy of the outlines ; this is the real 
• image. Its formation may be readily understood by reference to 
what has been said about conjugate foci (363). Yet it must be 
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added that, as all the j>roperties of the principal axis apply also 
to the secondary axis, it follows that, as a point on the principal 
axis has always its focus on this axis, so also any point on a 

[ secondary axis has its focus on the latter. Hence, in the above 
figure all rays from the point A converge at a on the se*condary 
axis through this point, and form the conjugate focus of this point 
—that is to say, its image. In like manner, the image of the point 
B is formed at and, as the same is the case for all points of the 
object, the result is a series of conjugate foci. These in their 
entirety constitute the image ab^ which is inverted and smaller. 
The reversal arises from the crossing of the secondary axes between 



Fig- 369- 


the object and the image, and its smallness from its being formed 
nearer the lens than the object is. 

Yet the image is not always smaller than the object; it may 
be larger. For, from the reciprocity between the position of the 
object and its conjugate focus (362), if, in fig. 369, ab were the 
object, then, as the luminous rays pursue the same path, but in the 
opposite direction, the image would be formed at AB, reversed 
as before, but larger. A double convex lens may thus give real 
images, which are either smaller or larger than the object. This 
may be verified by the following experiment: A double convex lens 
is placed in a dark room, and in front of it, but some yards beyonu 
the principal focus, a lighted candle. If then there is placed- 
behind the lens a screen, which can be moved more or less near, 
a position is found in which there is produced on the screen a very 
small and inverted image of a candle. If, on the contrary, the lens 
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be brought nearer the candle and at the same time the distance of 
the screen be increased, an inverted image is still obtained, but it 
is greatly enlarged, as shown in fig. 370. 

This principle, that double convex lenses give, real and v ^« 
distanl, and, on the contrary, : 

of near objects^ will meet with numerous applica- i 
tibns in the optical instruments which Will -be presently described. 
The apparatus represented in fig. 370 is convenient for investigating 
optical phenomena ; it is known as the optical bench. 

If we replace the lens by a concave mirror and interchange the 
position of the mirror and the light, the laws of the formation of 
images in concave mirrors may be investigated. 

367. Virtual images in double convex lenses.—Besides the 
real images we have just considered, double convex lenses give 



also virtual images, which are produced under the same conditions 
as the virtual foci—that is, when the object is between the lens and 
the principal focus. For let an object, ab (fig. 371), be placed between 
a double convex lens and its principal focus, F ; applying here what 
was previously said in reference to virtual foci, we know that all rays 
proceeding from any point, a, of the object emerge while diverging, 
and reach the eye as if they proceeded from the point A, where 
the prolongations of the same rays coincide, and where there is 
^formed for the eye the virtual image of the point a. For the same 
rbason the eye sees at B the image of b ; hence the image of ab 
^pears at AB, but it is virtual—that is to say, it does not really 
^xist, it could not be received on a screen, and is only an optic^ 
'illusion. 

It is to be remarked that, in opposition to what takes place when 
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the image is real, the virtual image is erect, and in all cases lacger^ 
than the object. The rectification of the image arises from the fact 
that the secondary axes do not intersect between the image and 
the object, but beyond it; the magnification arii^es from the image 
being farthei than the object from the poijtt of intersection of the 
secondary axes which pass through a and h. 

The term lens is applied to the lenticular glasses used as magni¬ 
fying glasses. Every one is awar^ that if the print of a book be 
closely looked at through such 'a lens, it will appear larger ; if 
the lens be gradually removed, a position is reached when the 
printed characters disappear. This is the case when tney are .n 
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the principal focus : when it is still farther removed, the characters 
reappear; but they are reversed, for they are then beyond the 
principal focus. ^ 

368. Double concave lenses ; foci and images.—We have seen, 
\n speaking about double convex lenses, that as the thickness 
decreases from the centre towards the edge, the small plane facets 
corresponding to the incidence and convergence of the same ray 
are more and more inclined from the centre to the periphery. 
But in double concave lenses, on the contrary, where the thickness 
increases from the centre to the edge, the small facets are mopt' 
and more apart; and hence the opposite phenomena. For, wt^ile 
double convex lenses cause the rays which traverse them to coif,, 
cide, by breaking them twice in the same direction, so as to" 
bring them nearer the principal axis, double concave lenses pro- 
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duce the opposite effect, and only increase the divergence of the 
rays. 

IJiis -niay be leadily understood by lefeience to fig. 372, m 
which It IS (ipp.iient how the rays are twice bioken in the same 


I 

c- 

I 
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diicclion, so as to diverge fiom the a\is and give rise to the 
diverging peuiil M N. Hut the lye wliith icceives this pencil is 
icted upon by it as if the luminous object wcic at I , there is thus 





pr<^uced a viitual focus the only one possible in double concave 
uses 

As these kinds of lenses have only \ iitual foci, they can produce 
none but virtual images ; these images are, moreover, always erect 

1 \ 
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and smaller than the object. Thus, let AB be an object seen 
through a double concave lens (fig. 373); the pencil of light from 
A is deflected on passing through the lens, in such a manner as to 
reach the eye as if it were emitted from a point, on the secon¬ 
dary axis, AO. In like manner, the pencil from the point B reaches 
the eye as if it started from the point A A virtual image of the 
object AB, which is smaller and erect, is formed, therefore, at ab^ 
between the secondary axes AO and BO. This image is necessarily 
always smaller than the object, for it is nearer the point, O, where 
the secondary axes intersect. 


APPLICATIONS OF LENSES 

369. Refraction of heat.—When a pencil of the sun’s rays is 
received on a condensing lens, not merely is light concentrated on 
its focus, but heat also; for piece of an inflammable substance 
—such as tinder, paper, doth, wood—placed in the focus, soon 
begins to burn. 

This property which condensing lenses have is utilised for 
producing fire in what are called burning-glasses. The parallel 
rays of the sun falling on the condensing lens converge after 
refraction to the principal focus of the lens, where an image of 
the sun is formed, and may become dangerous by acting as a 
source of fire. The same danger may anse with spherical glass 
vessels filled with water, for they refract the light and heat like 
double convex lenses. Thus a vase for holding gold-fishes has 
been known to act as a burning-glass, setting fire to window- 
curtains near which it had been left in the sunshine. A drop of 
water, too, on a leaf, concentrates the sun’s rays, and frequently 
marks the leaf. 

The concentration of the heat-rays of the sun has received a 
curious application in certain sundials, when the hour of midday 
is marked by the discharge of a small cannon (fig. 374). Above the 
cannon is a condensing lens, the focus of which exactly corresponds 
to the touch-hole of the cannon the moment the sun passes the 
meridian of this place. Hence, the cannon being charged and 
primed beforehand, the lens ignites the powder just at midday, jn:id 
the explosion announces the time at a distance. 

The time thus given is what is called in astronomy sJar 
time^ or true Hme^ in which the length of day varies. Now, our* 
watches and clocks, being regulated for mean time—that is to say. 
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for an unchangeable day—only agree with the sun four times a 
year: December 24, April 15, June iS> and September i. On 
February ii a clock giving mean time is 14' 37'" faster than the 
sun, and on November 3 it is 16^ 17'' slow. The equation of time 
represerfts the amount which on all the days of the year must be 
added to or taken from the time of a clock to obtain the true time. 
Hence, strictly speaking, it is incorrect to use the ordinary expres¬ 
sion that a good watch or good clock goes like the sun. 

The same principle is applied in the sunshine recorder^ which 
consists essentially of a glass sphere on which the sun’s rays fall, 
their image being received on a strip of millboard stretched in a 
frame at the proper focal distance. When the sun shines, a mark 



is burnt in the millboard, which is not the case when the sun sets 
or is hidden by a cloud. As the sun moves, the ()o.'iition of the 
spot moves too, and thus we have a series of marks, or, where the 
sun shines continuously, a line. 

lirewster described a lens three feet in diameter, and the rays 
in passing through it w'cre received on a second lens 13 inches in 
diameter. The sun’s rays were brought to a focus at a distance of 
63 inches from the large lens, forming a small ciicle lliree-eighlhs 
of an ii’ch in diameter, 'fhe heal here was so intense as to melt 


* ^ a few seconds the most refractory metals. 

5:370. Lighthouses.— IJ^hihouscs built neai the scashoic or on 
fletac4ied rocks are intended to produce luminous signals visible 
at great distances, in order to guide mariners in darkness and 

' enable them to keep clear of danger. (> 1 lamps u ere formerly used, 
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placed in the principal focus of parabolic reflectors, which sent the 
reflected light to a great distance, its rays being parallel. 

In 1822 Fresnel made a great improvement in the illumination 
of lighthotises by substituting for metal reflectors, which soon 
tarnished, large plano-convex lenses, in the focus of which he 
placed a powerful lamp with four concentric wicks, and equal in 
illuminating power and quantity of oil consumed to seventeen 
lamps (331). But the difficulty of constructing such lenses, 
which must necessarily be large, and which should at the same 
time not be thick, so as not to absorb much light, led Fresnel to 



/ensTs ^ syi^iem of lenses, known as or lighthouse 

Seen in front in fig. 375, and in profile in fig. 376, they consist 
of a plano-convex lens, A, a foot in diameter, round which are 
armngmd eight or ten glass rings, which are also plano-convex, 
and whose curvature is calculated so that each has the same focus 
as the central lens, A. A lamp is placed in the focus of this r«i 
fracting system, and above and below the lenses are arranged 
silvered glass mirrors, mn ; thus the ravs which would be Idf/ 
towards the sky and the earth are utilised and sent in a horizontal 
direction. By this double combination a vast horizontal beam of 
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lightf is obtained, which penetrates to a distance of 20 or 30 
miles, but only in one direction. To increase the number of points 
of thehotizon at which the light may be seen, h'resncl, instead of 
a single ^system of lenses and mirrors represented in fig. 376, 
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United eight such arrangements, so as to form an enormous glass 
pyramid with eight faces, as seen in fig. 377, which represents a 
lighthouse lens of the largest size ; the system of mirrors and lenses 
alone is ten feet high. 

A lighthouse lens of this kind sends a powerful beam of light 
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towards eight points of the horizon, but all other points are desti¬ 
tute of light, so that vessels sailing in these dark parts would have 
no help from the lighthouse. This difficulty was removed by 
Fresnel by means of a very simple mechanism, represented at the 
lower part of fig. 377 - Clockwork, M, moved by a weight, P, 
imparls to the whole system of lenses, AB, a slow rotary motion. 
During a complete revolution of the apparatus, the whole horizon 
is successively illuminated, and the mariner, lost in the night, sees 
the light alternately appear and disappear after equal intervals of 
time. These alternations serve to distinguish the light of a 
lighthouse from a ship’s light or a star. By means, too, of the 
number of limes the light disappears in a given time, and by the 
colour of the light, sailors are enabled to distinguish lighthouses 
from one .another, and hence to know their })osition. 

Of late years the use of the electric light has in many lighthouses 
been substituted for that of oil-lamps. A description of the 
apparatus will be given in a subsequent chapter. 
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CHAPTER V 

DPX'OMPOSITION OF LIGHT BY PRISMS 

371. Solar spectrum.—In speaking of prisms and lenses, we 
have only considered the change in direction which these trans¬ 
parent media produce in luminous rays, and the images which 
result therefrom ; but the phenomeryan of refraction is by no means 
so simple as we have hitherto assumed : when ivhite light, or that 
which reaches us from the sun, passes from one medium into 



378. 




another, it is decomposed into several kinds of lights a phenomenon 
Ip which the name of dispersion is given. 

In order to show that white light is decomposed by refraction, 
a-pencil of the sun’s rays (fig. 378) is allowed to pass through a 
small - aperture in the window-shutter of a dark chamber. This 
pencil tends to form a round and colourless image of the sun on a 
•screen; but if a flint-glass prism arranged horizontally be inter¬ 
posed in its passage, the beam, on entering 'and emerging from 
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the prism, is refracted towards its base, and produces on a distant 
screen a vertical band /, y, o, r, rounded at the ends and 
coloured in all the tints of the rainbow.' This coloured band i^ 
called s/rr/n/m. In this spectrum, the production of 

which forms one of the most brilliant optical experiments, there is 
in reality an infinity of different tints, which imperceptibly merge 
into each other : but, with Newton, it is customary to distinguish 
seven principal colours, as seen in the coloured plate. These are 
violet^ indigo^ hlue^ green, yellow, orange, red ; they are arranged 
in this order in the spectrum, the violet, v, being the most refran¬ 
gible and the red, r, the least so. They do not all occupy an 
equal extent in the spectrum, violet having the greatest extent, and 
orange, o, the least. 

From the experiment of the solar spectrum Newton concluded 
that white light—that is, light coming from the sun—is not homo¬ 
geneous (that is, simple), but consists of seven different lights 
which, united, give the impression of white, while, when separated, 
each produces its own colour. He ascribed the separation of these 
seven lights in their passage through the prism to their different 
degrees of refrangibility. For it they were all equally refrangible, 
as they would be equally bent on entering and emerging from the 
prism, they would traverse it without being separated, and the 
light would be white on emerging as well as on incidence. 

372. The colours of the spectrum are simple.—If one of the 
colours of the spectrum (the yellow, for instance) be isolated by 
intercepting the others by means of an opaque screen, and if the 
light thus interce])ted be allowed to pass through a second prism, 
it is deflected, but without decomposition ; that is, it only gives rise 
to a single emergent pencil. As the same phenomenon is observed 
with the other colour;® of the spectrum, it is concluded that they 
are indecomposable by the prism, which is expressed by saying 
that the seven colours of the spectrum arc simple or primitive 
colours. The light emitted from luminous bodies is seldom or never 
simple ; on being examined by the prism it will be found to contain 
more than one colour. In optical researches it is frequently oS 
great importance to produce homogeneous or monochromatic light. 
Common salt in the flame of a Bunsen’s lamp gives an orange 
yellow of very great purity. For red light, ordinary light is 
transmit ed through glass coloured with sub-oxide of copper, which 
absorbs nearly all rays excepting the red. 

As regards the cause in virtue of which one part of the spectrum 
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produces in us the sensation of red, another of yellow, another of 
orange, and so forth, the undulatory theory teaches us that it de¬ 
pends upon the number of vibrations per second performed by the 
molecules of the luminiferous ether (323) The number, which is* 
very great, differs with each colour, and increases from red to violet; 
for .the extreme red it is 458 millions of millions in a second, and 
for violet 727 millions of millions. As the velocity of propagation 
is the same for all the colours of the spectrum, but each corre¬ 
sponds to a different number of vibrations, it follows that the wave¬ 
lengths must vary with different colours. It may easily be calculated 
that in the case of red the length of the wave is 650 millionths 
of a millimetre, and for violet 412 millionths. 

373. Luminous, heating, and chemical effects of the spec¬ 
trum.—The various spectral rays differ not only in their colour, 
but also in their luminous power, in their heating power, and in 
the chemical effects to which they give rise. It is found that the 
rays of medium refrangibility, the yellow and the green, illuminate 
the most powerfully. Thus, the print of a book placed in the 
yelloAv pencil is seen more distinctly than in the red or violet. 

The heating action of the spectrum is demonstrated by succes¬ 
sively placing a very delicate thermometer, or prefeiably a linear 
thermopile (Hook VIII., Chapter XIII.), in the various parts of the 
spectrum. It is obseryed that the heat attains its greatest intensity 
in the red, or rather a little beyond it. The existence of these in¬ 
visible heat-rays, which are the least refrangible of the spectral 
rays, was discovered by Sir J. Herschel. 

Passing from the heating action of light to its chemical action, 
wc find that it tends to destroy most vegetable colours, such as 
Avall-papers and dyed stuffs, which rapidly fade if exposed to bright 
light. Some chemical substances are known which are naturally 
white, and are blackened by the luminous rays, on which property 
depends the art of photography ; there arc mixtures of gases also, 
such a'i that of hydrogen and chlorine, which suddenly explode 
when exposed to the sun’s rays. These chemical effects are not 
produced equally in all the parts of the spectrum ; the greater 
chemical action is met with in the violet, and even a little 
beyond. 

. Fig. 379 represents the distribution of the heating, the luminous, 
and the chemical action of the spectrum : the shaded lines repre- 
• senting the parts of the spectrum which are not visible to the eye, 
and which, it will be seen, are about equal in length to the 
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iuminous parts.' The curve I represents the heating effect of 
the spectrum, from which it will be seen that it is greatest at a 
little distance outside the visible red ; the curve II represents 
the intensity of the light, which is greatest near Fraunhofer’s 
line D in the yellow ; the greatest chemical, or, as it i*s some¬ 
times called, actinic^ action is, as follows from the form. of 
the curve III, just about the indigo in the visible part of the 
spectrum. 

There is no essential difference between light rays, heat rays, 
and actinic rays. They are all physically the same, differing only 
in respect of wave length. The eye is only capable of being acted 
on by waves whose wave length lies between certain limits—those 
of the prismatic spectrum. These are called luminous rays. Rays 
whose wave-lengths are outside these limits, too great or too small, 
do not affect the eye. The short waves most powerfully affect 
a photographic plate. They are called actinic rays. The shorter 
the wave, the greater the refrangiblity of the ray. The long 
waves corresponding to the rays beyond the visible red of the 
spectrum have the most powerful heating effects. Strictly speak- 
A??i£f.-W-e..0^ght not to talk of light or heat as coming from the sun. 
The radiation from the sun consists of weaves of all manner of 
lengths, from very small to very large. Such radiation falling on 
the blackened bulb of a thermometer is entirely absorbed, and 
manifests itself as heat only. If the radiation fall on a photographic 
plate, the plate, as it were, picks out the short waves and is chiefly 
acted on by them ; but plates can be made so sensitive as to be 
susceptible to the action of red rays, and even those beyond the 
red. We may say, then, that solar radiation is neither heat nor 
light nor chemical action, but any one of these, according to the 
nature of the receiver on which it falls. 

374. Dark lines of the spectrum.—The colours of the solar 
spectrum are not perfectly continuous ; throughout the whole ex¬ 
tent of the spectrum are a great number of very narrow dark 
transverse lines. They are best observed by admitting a beam of 
sunlight into a darkened room through a narrow slit. If, at a 
distance of three or four yards, we look at this slit through a flint- 
glass prism, with its edge held parallel to the slit, we observe a 
number of very delicate dark lines parallel to the edge of the prism 
and at very unequal intervals. 

The existence of these dark lines was first observed by Wollas- 
,ton in 1802 ; but Fraunhofer, a celebrated optician of Munich, first 
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studied and gave a detailed description of them. He mapped the 
lines, and denoted the most marked of them by the letters A, a, B, 
C, D, E, F, G, H ; they are therefore generally known as Fraun- 
hofer^s lines. 

The*dark line A (see fig. 1 of the Plate, p. 444) is towards the 
end, and B in the middle, of the red; C is in the red but rather 
nearer the orange ; U is in the orange, E in the green, F in the 
transition from green to blue, G in the indigo, H in the violet. 
There are certain other noticeable dark lines, such as a in the red 
and b in the green. In the case of the sun’s light the positions of 
the dark lines are fixed and definite ; in the spectra of the fixed 
stars the relative positions of the dark lines vaiy. For the electric 
light there are bright lines instead of dark ones ; and in coloured 
flames-' that is to say, flames in which certain chemical substances 
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are being evaporated—the dark lines are replaced by very brilliant 
lines of light, which differ with different substances. 

375 - Spectrum analysis.—This property of coloured flames was 
first discovered by Sir John Herschel, who remarked that by 
volatilising substances in a flame a very delicate means is afforded 
of detecting certain ingredients by the colours they impart to cer¬ 
tain parts of the spectrum ; and Fo.x Talbot, in 1834, suggested 
optical analysis as probably the most delicate means of detecting 
minute quantities of a substance. To Kirchhoff" and Bunsen, how¬ 
ever, is really due a method of basing on the observation of these 
^ines a method of analysis. They ascertained that salts of the 
same metal, when introduced into a flame, always produce lines 
which are identical in colour and position, but different in colour, 
position, or number for different metals ; and, finally, that an 
exceedingly small quantity of metal suffices to disclose its existence. 

• Hence has arisen a new method of analysis known as spectrum 
analysis. 
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j 376. Spectroscope.—The name spectroscope has been given to 
the apparatus used by Kirchhoff and Bunsen for the study of the 
spectrum. One of the forms of this apparatus is represented in 
fig. 380. It consists of three telescopes, mounted on a common 
foot, whose axes converge towards a prism, P, of flint-glass. The 
telescope A is the one through which the spectrum is observed j it 
is focused by means of the milled-head screw m. The telescope 
B, called the collimator^ has a slit at one end and a convex lens at 
the other, the slit being at the principal focus of the lens, k is 
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a Bunsen’s burner^ in which coal gas is burned, mixed with air in 
such a manner that a flame of little or no luminosity, but of great 
heat, is produced. The substance to be examined is placed in 
this, either in a solid form or in a state of solution, or on platinum 
wire at the end of the support c. It is thus volatilised by the 
intense heat, and the flame G is coloured. The rays emitted by 
this flame pass through the slit and the lens, so that on emerging 
they form a parallel pencil of rays, which falls on the prism P. ■ 
>^Here they are refracted and decomposed, and form a spectrum, 
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which can be seen by an observer on looking through the tele¬ 
scope A. 

Xhe telescope C has a different function ; it contains a micro¬ 
metric scale photographed on glass so that it is white on a dark 
ground. *The light from the candle, F, passing through the scale and 
the .lens in C, falls in parallel rays on the face of the prism P, and 
is reflected thence through the object-glass of A, so that the ob¬ 
server, seeing the .spectrum and the scale simultaneously, can 
exactly measure the relative positions of the various spectral lines. 
M is a metal cap with three apertures, which covers the prism so as 
to exclude the diflfused light. 

Prisms of different substances may be combined in such a way 
that the incident light, though refracted and decomposed, pre¬ 
serves on the whole its original direction and produces a spectrum. 
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Combinations of prisms of this kind arc used in what are called 
dircit-vision spectrosiofcs. Fig. 381 represents the section of such 
an instrument in about ^ the natural size. A system of two flint 
and three crown glass prisms is placed in a tube which moves in 
a second one ; at the end of this is an aperture, 0^ and inside it a 
slit the width of which can by a special arrangement be regu¬ 
lated by simply turning a ring r. A small achromatic lens is 
introduced at aa^ the focus of which is at the slit, so that the rays 
pass parallel through the train of lenses, and the spectrum is 
viewed at e. 

Such a](iparatus are extremely convenient, and are indispensable, 
in observing the spectra emitted by bodies which rapidly change 
their place, such as falling stars. For astronomical puriioses they 
^re constructed of suitable dimensions and fitted to telescopes. 

377. Experiments with the spectroscope.—The coloured plate, 
page 444, shows certain spectra observed by means of the spec¬ 
troscope. Fig. I. represents the solar spectrum. 

Fig. II. shows the spectrum of potassium. It is continuous — 
•that is, it contains all the colours of the solar spectrum. Moreover, 
it is marked by two bright lines, one in the extreme red, corre- 
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sponding to Fraunhofer's dark line A; the other in the extreme 
violet. 

Fig. III. shows the spectrum of sodium. This spectrum* con¬ 
tains neither red, orange, green, blue, nor violet. It is marked by 
a very brilliant yellow ray in exactly the same position as Fraun- 
hofer’s dark line 1 ). Of all metals, sodium is that which possesses 
the greatest spectral sensibility. In fact, it has been ascertained 
that one-two-hundred-millionth of a grain of common salt is enough 
to cause the appearance of the yellow line of sodium. Consequently 
it is very difficult to avoid the appearance of this line. A very little 
dust scattered in the apartment is enough to produce it, which si jws 
how abundantly sodium is diffused throughout nature. 

Figs. IV. and V. show the spectra of cu’sium and rufndiu/n^ 
metals discovered by Bunsen and Kirchhoff by means of spectral 
analysis. The former is distinguished by two blue lines, the latter 
by two very brilliant red lines and by two less intense violet lines. 
A third metal, thaUium.^ was discovered by the same method 
by Sir William Crookes in Engdand, and independently by M. 
Lamy in France. Thallium is characterised by a single green 
line. 

Subsequently to this Richter and Reich disco^ercd a new 
metal associated with zinc, which they call indium., from a 
couple of characteristic lines which it forms in the indigo. Bois- 
baudrsn discovered a new metal which he called associated 

with zinc in very minute quantities. Quite recently Ramsay has 
discovered in the mineral deeviie a substance giving a line near 
the sodium which had hitherto been only found in the solar spec, 
trum ; it was hence known as the helium line. The substance 
helium is a gas. 

The extreme diglicacy of the spectrum reactions, and the ease 
with which they are produced, constitute them a most valuable 
thelp in qualitative analysis. It is sufficient to place a small portion 
of the substance under e.xamination on platinum wire, as repre¬ 
sented in fig. 380, and compare the spectrum thus obtained either 
directly with that of another substance, or with the charts in which 
the positions of the lines produced by the various metals are laid 
down 

With other metals the production of their spectra is more 
difficult, especially in the case of some of their compounds. I'lie 
heat of a Bunsen’s burner is insufficient to vaporise the metals, and 
a much higher temperature must be used. This is obtained by 
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taking electric sparks between wires consisting of the metal whose 
spectrum is required, and the electric sparks are most conveniently 
obtained by means of Ruhmkorffs coih Thus all the metals may 
be brought within the sphere of spectrum observation. 

The 'spectroscope has proved a most powerful instrument of re¬ 
search in astronomical investigation, and has led to most Important 
c(;^clusions respecting many celestial phenomena. An account of 
them is, however, inconsistent with the scope of this work. 

378. Recomposition of white light.—Not merely can white 



light be resolved into lights of variou.s colours, but, by combining 
the different pencils separated by the prism, uhilc light can be 
reproduced. This recomposition may be effected in various ways. 

. I. A jjencil of solar light is decomposed by a prism, as shown 
in fig, 382, and the spectrum is received, not on a screen, but on a 
rather large double convc-x lens in the focus of which is placed a 
small cardboard or ground-glass screen. The seven colours of the 
spectrum coincide in the focus, and heie is formed on the screen a 
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perfectly white circular image, which shows that the union of the 
seven lights of the spectrum reproduces white light. 

II. The same result is attained by replacing the double cqnvex 
lens in the preceding experiment by a concave mirror. The s^veri 
coloured pencils being reflected from this mirror, there is formed 
in the focus the same white image as in that experiment. 

III. By means of Newton’s disc it may be shown that the com¬ 
bination of the seven colours of the spectrum forms white. This is 



a cardboard disc of about a foot in diameter (fig. 383); the centre 
and the edge arc covered with black paper, while in the space 
between there are pasted strips of paper of the colours of the spec¬ 
trum. They proceed from the centre to the circumference, and 
their relative dimensions and tints are such as to represent five 
spectra. When this disc is rapidly rotated, by means of the turn¬ 
ing table represented in fig. 383, it appears white, or at all events pf 
a greyish white ; for the colours which cover it cannot be arranged 
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exactly in the same proportions as those of the spectrum, nor are 
the tints so pure. 

To explain this phenomenon let us observe that the impression 
'*pi'Otmced upon the eye by the sight of a luminous body lasts a 
certain tithe after the cause which produced it has ceased. Thus, 
if a Ijghted stick be rapidly swung round, a circle of light is pro¬ 
duced, which shows that the sensation produced upon the eye lasts 
after the stick has passed from in front of this organ. A harp-string 
while vibrating as it sounds appears like a thin transparent ribbon ; 
a skyrocket in its rapid ascent appears like a line of light. Thus, 
too, in the above experiment, the disc is turned so rapidly that the 
, action of the seven colours is virtually simultaneous, and the eye is 
affected as if it received them all together, and the disc therefore 
appears white. 

379. Zoetrope. Phenakistoscope.—Several interesting experi¬ 
ments depend on the fact that the*impression produced on the 
retina lasts after the cause producing it has ceased to act: such are 
the coe/rope^ or wheel of life ; the tlmumatrope^ or magical disc ; the 
phenakistoscope.^ or decei'ung disc. ’I'he latter consists of a disc 
near the edge of which are a series of equidistant apertures ; and 
on corresponding parts of a circle near the centre is depicted an 
object such as a rider on horseback, a biid flying, et' ., in various 
stages of its motion. If^now, the disc be made to rotate rapidly, 
,while the picture side is held in front of a mirror, the eye, on looking 
through the apertures, no longer sees the separate stages ; on the 
contrary, they all insensibly merge into each other, and coalesce 
to form a single impressitm, which is that of an actually moving 
body. 

The zoeirope., or wheel of life., is very convenient for represent¬ 
ing a number of vibratory motions. It consist:s of an open cylinder 
which can be rotated about its vertical axis, and has a number 
of vertical slits at the top. If the succcssiNc positions of a , 
vibrating pendulum, for instance, are drawn on a narrow strip of 
paper, equal in leng^th to the circumference, and this is placed 
insi,de the cylinder, when the wheel is rapidly rotated, on looking 
through the slits the pendulum seems as if it were steadily 
vibrating. 

In the kinematograph a rapid succession ot moving objects are 
' taken by instantaneous photography, and their images, sharply 
illuminated, are successively projected in the same order on a 
screen which allows a certain fixed short time of exposure to each 
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picture before the next picture appears. In this way the most 
interesting and varied phenomena are vividly reproduced with 
lifelike accuracy. 

If two threads are fixed to the edges or a cardboard diisc; it 
can be rapidly rotated so that the two sides are alternately seen in 
rapid succession. If a broad black band is drawn on one side and 
a similar one is drawn at right angles to it on the opposite side, 
as represented in fig. 385, on rotating the disc the appearance of a 
cross is seen. If on one side a bird and on the other a cage are 

drawn, when the disc is 
rapidly rotated th bird 
appears in the cage, etc. 

A certain duration of 
a luminous impression 
*^‘ 5 - 385. is necessary to produce 

an effect on the retina ; hence it is that we do not see a very 
rapidly moving object, such as a bullet fired from a gun. 

To this class of phenomena belongs also the fact that when a 
brightly illuminated jet of water is looked at through a rotating disc 
in which are a number of radial slits (fig. 384), the jet, instead of 
appearing continuous, seems as if made up of a number of individual 
drops. 

380. Newton’s theory of the composition of light and the 
colour of bodies.—Newton was the first to decompose while light 
by the prism, and to recompose it. P'rom the various experiments 
which we have described he concluded that white light was not 
homog^eneous, but formed of seven lights unetiually refrangible, 
w'hich he called simple or primitive lights. 

He was further led to the conclusion that bodies are not of 
themselves coloared—that is, have no colour of their ow'n—but that 
they have the })roperty of decomposing the white light which 
illuminates them, and of reflecting uiieiiually the various kinds of 
liglit of which it is formed. Thus, vermilion is not red of itself, but 
is endowed with the property of reflecting red light and of absorbing 
all others, or, at any rate, of only reflecting them in far less propor¬ 
tion. In like manner the leaves of plants are not truly green ; they 
have merely a greater reflecting power for green than for any other 
colour. In short, bodies arc only coloured by the light they reflect. 
For, let these same green leaves be placed in a spectrum projected 
in a dark room : if they are in the green band they will appear-of a 
dazzling green, far brighter than their natural colour ; but if they 
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are placed in the red or in the violet they will appear black, for 
the reason that they absorb both red and violet rays, and only 
reflet green. A similar effect is produced if a rose be successively 
’|Jf 5 Ced in each of the spectral bands, showing that the colours of 
bodies are not peculiar to them, but depend upon the kind of light 
which their molecular constitution gives them the power of absorb¬ 
ing and reflecting. In speaking, too, of the green or the red 
pencil^ we do not mean that they are coloured of themseh es, but 
merely that they have the power of producing in us the sensation 
of green or of red. The eye judges colours as the ear Judges 
sounds ; both the colours and the sounds depend on the frequency 
of vibration of the particles of the media by which light and sound 
respectively are transmitted. 

Ilodics which reflect all colours in the spectrum equally well are 
white, those which reflect none at a^J are black ; so that black is 
not really a colour, but the absence of colour. 

The varied shades whicii coloured bodies present result not 
merely from the fact that they simultaneously reflect various kinds 
of light, but from the fact that they reflect them to different extents. 
Thus, a body which reflects yellow and blue light will be green, 
but a green the shade of w'hich t'aries 
with the quantities of yellow’and of blue 
light which the body neflccts. If, by 
, means of an opaque screen, part or all 
of certain colours of the spectrum be 
intercepted, and the others be united by 
means of a lens, as showm in fig. 382, 
there is no shade in nature which can¬ 
not be reproduced, but w'ith a lustre 
and richness of colour which artificial pigments can never attain. 

The simplest way of mixing coloured light is shown in fig. 386. 
1* is a small flat piece of glass, b and g are two coloured wafers. 
The observer looks through the glass plate at b, while the coloured 
light from^^ is reflected from this glass ; \fg be placed in a proper 
position, which is found by trial, its image nearly coincides with 
that of b. It then appears as if there were a single wafer at b with 
a colour produced by the mixture of the tw'o real ones. In this 
experiment the light from b which traverses the glass actually 
unites with that from g, which is reflected from it, and the two 
combined pass on to the retina at o. 

0 381. Colours of transparent bodies.—We have seen above that 

u u 2 
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opaque bodies owe their colour to the power of decomposing light 
by surface absorption, and of reflecting certain colours more abun¬ 
dantly than others. It is owing to the decomposition of light that 
transparent bodies seem to be coloured ; though here the ab^fp-' 
tion is effected throughout the mass and not at the surface only. 
If all the rays of the spectrum were equally transmissible by trans¬ 
parent media, they would necessarily be colourless ; that, howe\’er, 
is ne\er quite the case—at all events, when the media have a cer¬ 
tain thickness ; for then they absorb certain colours of the spectrum 
more than others, and ha\e the tint of the more transmissible 
colour. Water, for instance, seen by transmission through great 
thickness, has a greenish tint, Avhich shows that, of all colours 
contained in white light, it allows green to pass most easily. 

Air, in great thickness, gives a bluish tint to distant objects, 
which would rather tend to prove that air is more imnsparent for 
blue than for any other spectrum colour. It is more probable, how ¬ 
ever, that this effect is due to the presence of the aqueous vapour 
in the air. 

382. Complementary colours. After-images. —If one or more 
colours be suppressed in white light, when decomposed by the 
prism, the residue corresponds to one of the tints of the spectrum; 
and the mixture of the colours taken away produces the impression 
of another spectral colour. Thus, if in fig. 382 the red rays are cut 
off from the lens, the light on the screen is no longer white, but 
greenish blue. In like manner, if the violet, indigo, and blue of 
the colour-disc be suppressed, the rest seems yellow, while the 
mixture of that which has been taken out is a bluish violet. Hence 
white can always be compounded of two tints ; and two tints which 
together give white are called complementary colours. Thus, of 
spectral tints, f^d and greenish blue are complementary to each 
other ; so are orange and Prussian blue., yellow and indigo blue., 
yrccnish yellow and violet. 

A distinction must be made between spectrum colours and//^^- 
ment colours. Thus, a mixture of pigmient yellow and pigment 
blue produces green and not white, as is the case when the blue 
and yellow of the spectrum are mixed. The reason of this is that 
in the niixtuie of pigments we have a case of the subtraction of 
colours, and not of addition. For the pigment blue in the'mixKire 
absorbs almost entirely the yellow and red light, and the pigment 
yellow the blue and violet light, so that only green remains. • ' 

Effects of complementary colours are met with in many curious 
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experiments. Thus, let any coloured object—a wafer, for instance— 
be placed on a black ground, and let it be viewed for some minutes 
unti^the’sight is fatigued ; if then the eyes be turned to a sheet of 
'M'IKtc paper, an image will be seen of the same form as the object, 
but of th*e complementary colour—that is, if the wafer is red, its 
image will be green ; if it is orange, the image will be blue ; and 
so forth. In like manner, if, after looking for some time at the 
setting sun, the eye be turned to a white wall, an intense green 
disc will be seen, which lasts for some minutes, after which the red 
image appears ; a second green image succeeds to it, and so on 
for a great number of times, until the appearance fades away. 

These images, which thus persist some time after an object has 
been looked at, and which have the complementary colours to those 
of the object, are called the after-images, or after-colours. 

There is another kind of after-colour : when a coloured object 
placed on a white ground is attentively looked at for some time, the 
object is seen to be surrounded by a colour which is complementary 
to that of the object. This phenomenon, which is known as the 
accidentalIta/o^ is easily /erified by means of a coloured wafer placed 
on a sheet of white paper. 

These are known as sudjcctwe phenomena, because they do not 
belong to the object itself, but have their origin in the structure of 
the eye itself. Our judgment as to colour is greatly influenced by 
contrast. A gas flame, whose light, seen by itself, appears white, 
appears reddish in twilight or moonlight, and most of all by the 
light of the electric arc. If light is admitted into a dark room 
through two small holes near each other in a shutter, two bright 
spots are produced. If one aperture is closed w ith a red glass, the 
while spot arising from the other aperture appears green, and vice 
ifcrsit. 

When several pieces of cloth of the same colour are successively 
looked at, it will be seen that the later ones appear of a bad shade. • 
This arises from the fact that the eye becomes fatigued ; the 
accidental colour of the cloth begins to form, and its own tint 
lo^es its brightness. So, too, when designs are printed, or cloth 
embroidered on a coloured ground, effects may be obtained quite 
different from those which were desired. Generally, if two adjacent 
colours are complementary, each w-ill acquire a greater lustre and 
produce a pleasing impression ; but if they are of the same tint 
they will mutually enfeeble each other. It will thus be seen how 
numerous are the applications which the phenomenon of accidental 
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tmages presents in combining colours in pictures, wall-papers, 
tapestry, furniture, and even in dress, although in this respect good 
taste has long been in advance of the data of science. 

O 383. Irradiation.—This is a phenomenon in virtue of 
white objects, or those of a very bright colour, appear, when seen 
on a dark ground, larger than they really are. 'I’hus, a white 
square upon a black ground seems larger than an exactly equal 
black square upon a white ground (fig. 387). With a black body 
on a bright ground, the converse is the case. Again, a platinum 
wire made red-hot by the passage of an electric current seems far 
thicker than it is in reality. Irradiation is held to arise fn n the 
fact that the impression produced on the retina extends beyond 
the outline of the image. It bears the same relation to the space 
occupied by the image that the duration of the im¬ 
pression does to the time during which the image 
is seen. 

The effect of irradiation is very perceptible in 
the apparent magnitude of stars, which may thus 
appear much larger than they really are ; also in 
the appearance of the moon when two or. three 
days old, the brightly illuminated crescent seeming 
to extend beyond the olarker portion of the disc, 
and hold it in its grasp. 

Fis- .?87. Plateau, who investigated this subject, found 

that irradiation differs very much in different people, and even in 
the same person on different days. He also found that irradiation 
increases with the lustre of the object and the length of time during 
which it is viewed. It manifests itself at all distances j diverging 
lenses increase it, condensing lenses diminish it. 

Q384. Rainbov::»—The rainbow is a luminous phenomenon which 
appears in the sky opposite the sun when rain is falling. It con- 
^ tains seven concentric arcs, presenting successively the colours of 
the solar spectrum. Generally only a single bow is perceived, but 
sometimes there are two*^ a lower one, the colours of which are 
very bright, and an outer or secondary one, which is much paler, 
and in which the order of the colours is reversed. In the interior 
rainbow, the red is the highest colour ; in the other rainbow the 
violet is. It is seldom that three bows are seen ; theoretically,^ a 
greater number may exist, but their colours are so enfeebled that 
they are not perceptible. , . 

The phenomenon of the rainbow is produced by the decompo- 
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sition of the white light of the sun when it passes into the drops, 
and by its reflection from their inside face. In fact, the same phe- 
n oiny ion is witnessed in dewdrops and in jets of water, in the fine 
hiHipL of spray of a waterfall, or those thrown up by the paddles of 
a steamer—in short, wherever the sun’s liglit passes into drops of 
water under a certain anj>lc. 

The appearance and the extent of the rainbow' depend on the 
position of the observer, and on the height of the sun above the 
horizon ; hence only some of the rays refracted by the raindrops, 
and reflected in their concavity to the eye of the spectator, are 



adapted to produce the phenomenon. Those w'hich do so are called 
effective rays. 

To get a general idea of this, let us refjK to fig. 388, in which two 
raindrops, a and c, are represented extmnely magnified as com¬ 
pared with the arc of which they form part. The pencil of white 
light W'hich falls upon a is refracted on entrance into the droplet 
and decomposed, giving rise to seven rays, red, orange, yellow, 
gfieen, blue, indigo, and violet (371). At the pointon the posterior 
face of this droplet, a portion of the refracted light escapes, and 
is dispersed in the atmosphere w'ithout giN'ing rise to any particular 
phenomenon ; the light which has not eme’*ged from the droplet is 
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reflectedat rt, returns and emerges on being a second lime refracted, 
and reaches the observer’s eye as represented in the figure. 

A second droplet, c, placed below the preceding one, -produces 
just the same effect, yet it does not send the same colour 
spectator. For, ns the different colours arc- unequally refrangible, 
thecolouieJ rays which emerge from the same raindrop diverge, 
and therefore are not propagated together, whence it follows that 
eacli flroj) only sends one kind of colour towards the observer. But, 
from the different degree of refrangibility of each ray, the droplets 
on the outside of the arc send only red rays towards the eye, and 
those on the inside \’iolet rays. The other colours arise from in¬ 
termediate droplets. 

In short, the rainbow is the circumference of the base of a cone, 
the apex of which is the observer’s eye, and the surface of this cone 
is formed from the outside to the inside of seven successive enve¬ 
lopes, red, orange, yellow, etc.', corresponding to each of the bands 
of the spectrum. The nearer the sun is to the horizon, the larger is 
the visible part of the rainbow ; but, as the sun rises, the arc dimi¬ 
nishes, and entirely disappears when the sun is 42 degrees above 
the horizon. A line drawn from the sun to the centre of the bow 
passes through the eye of the observer. Hence the rainbow is never 
seen except in the morning and evening, or, in rare cases, near 
midnight, when a full moon is low in the south. 
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CHAPTER VI 

KFFECTS OF COLOUR IN LENSES. ACHROMATISM 

385. Chromatic aberration.—In speakinjf of single lenses we 
have not mentioned a serious defect which they possess, which is, 
that objects seen through them at a certain distance seem sur¬ 
rounded by an iridescent fringe, which fatigues the sight and 
greatly diminishes the sharpness of tbc iinages. 

For, as lenses may be compared to a series of prisms with infi¬ 
nitely small faces, and united at their bases, they not only refract 



Fig. 189. 


light, but also decompose it like a prism. On account of this dis¬ 
persion, therefore, lenses have really a distinct focus for each separate 
colour. In a condensing lens,^//^, for e.\ample, the red rays, r, 
and l> R r\ which arc the least refrangible, form their focus at a 
point R on the axis of the lens (fig. 389), while the violet rays, b V vl 
and /'/V u, which arc mo.st refrangible, coincide in the nearer 
point, V. The foci of the orange, yellow, green, blue, and indigo 
^re between these points. Hence a double convex lens tends to 
give seven images, differently coloured, of objects seen through it. 
These images being partly superposed, the seven colours combine 
ui the centre to form white light, but on the contours the extreme 
colours of the spectrum are visible—that is, more especially red 
and blue. 

Hence, if a white screen lie placed at /////, nearer the lens than 
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its focal distance, we shall have a bright circle surrounded by a red 
edge ; while if the screen is placed at rj, which is farther than the 
focus, the circle will have a blue edge. 

' This injurious coloration of the images is called ch^'ornnHc 
aberration. 

The inequality in the refraction of the blue and red rays may 
be demonstrated by closing a small aperture, 
half with red and half with blue glass (fig. 390); 
on each half a black arrow is painted, and a 
lamp is placed behind it. Ily means of a lens 
2 feet focal length, an image is formed on a 
screen at a distance of about 7 feet. I. the 
screen be placed so that a sharp image is 
obtained of the black object on the blue ground, 
the outlines of the other arc confused. To get 
a sharp image of the arrow on the red g^round, the screen must be 
moved farther away. 

386. Achromatic lenses.—By observing the phenomenon of 
the dispersion of colours in prisms of water, of oil of turpentine, 
and of crown glass, Newton was led to suppose that dispersion was 
proportional to refraction. He concluded that there 
could be no refraction without dispersion, and therefore 
that achromatism was impossible. Almost half a century 
elapsed before this was found to be incorrect. Hall, an 
English philosopher, in 1733, was the first to construct 
achromatic lenses, but he did not publish his discovery. 
It is to Dollond, an optician in London, that we owe 
one of the greatest improvements which have been made 
in optical instruments. In 1757 he combined two lenses, 
one a double convex crmvn glass lens, the other a double 
* ■ concave^ lens of flint glass (fig. 391), a kind of glass 
which contains a good deal of lead, and which has greater dis¬ 
persive power than crown glass. 

By suitably choosing the curvatures of these two lenses, they 
may become unequally dispersive ; and as the dispersion is in 
opposite directions, one of the lenses being convergent and the 
other divergent, two effects are produced, which compensate each 
other as regards coloration, but not as concerns refraction — that 
is, a beam of white light which has traversed such a compound 
lens emerges colourless, but converging and forming a single focus 
on the axis. 
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The lenses thus formed of flint and crown glass give images 
which are not coloured on the edges ; they have hence been called 
achromatic lenses —achromatism being the term applied to the 
phenomenon of the refraction of light without dispersion. 

387. •Spherical aberration.—Chromatic aberration is not the 
only defect which lenses present: they have another, which is 
known as spherical aberration^ and which arises from the fact that, 
apart from dispersion, the rays which traverse a condensing lens 
do not exactly converge to a single focus. Those which traverse 
the lens near the edges, VV'' (fig. 392), are more refracted than 
those which traverse the central part ; hence the former rays 
converge at F, nearer to the lens than the latter, which meet at G, 
in consequence of which the images are distorted. 



If a screen be held between the light and an ordinary double 
convex lens which quite covers the lens, but has two concentric 
series of holes, one set near the margin and the other near the centre, 
two images are obtained, and may be received on a sheet of paper. 
By closing one or the other series of holes by a flat paper ring, 
it can be easily ascertained which image arises from the central 
and which from the marginal rays. When the paper is at a small 
distance, the marginal rays produce the image in a point and 
the central ones in a ring; the former are converged to a point 
and the latter not. At a somewhat greater distance the marginal 
r^iys produce a ring and the central ones a point. It is thus shown 
that the focus of the marginal rays is nearer the lens than that of 
the central rays. 

Spherical aberration is greater the greater the aperture of a 
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lens, and the greater its curvature—that is, the smaller the radii 
of curvature of its faces, and therewith the focal length. 

Spherical aberration is prejudicial to the sharpness and .defi¬ 
nition of an image, especially near the edges. If a ground-glass 
screen be placed exactly in the focus of a lens, as in a camera obscura 
(401), the image of an object will be sharply defined in the centre, 
but indistinct at the edges ; and, vice versd^ if the image is sharp 
at the edges, it will be indistinct in the centre. This defect is very 
objectionable, more especially in lenses used for photography. 

l^y suitably choosing the curvatures of the faces, especially 
when a system of lenses is used, this defect can be greatly remedied. 
It is also obviated by intercepting the rays which traverse the lens 
near the edge by diaphraf^ms or stops^ which are opaque screens 
perforated by circular holes, and which only allow the central rays 
to pass. The image thereby becomes sharper and more distinct, 
though the illumination is less.**^ 

A combination of lenses by which spherical aberration is got 
rid of is called an aplanatic system of lenses. 

In consequence of their greater refrangibility (352) lenses of pre¬ 
cious stones require a smaller curvature of the surfaces for the same 
focus, and have, therefore, smaller spherical aberration ; yet from 
the difficulty of cutting them, and the great expense, they are but 
little used. 

Tiy using fluorspar instead of crown glass Abbe has constructed 
lenses in which chromatic as well as spherical aberration is still 
further diminished ; these are called apochromatic lenses. 
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CHAPTER VH 

OPTICAL INSTRUMENTS 

388. Different kinds of optical instruments.—By the term 
optical instnuncnt is meant any combination of lenses, or of lenses 
and mirrors. By means of optical instruments the limits of vision 
have been enormously increased, and the most favourable influence 
has been exerted on the progress of science by opening out new 
worlds to investigation which would otherwise have remained 
unknow'n. Optical instruments may be divided into three classes, 
according to the ends they are intended to answer—\iz : i. Micro¬ 
scopes^ which are designed to obtain a magnified image of any 
object whose real dimensions are too small to admit of its being 
seen distinctly by the naked eye. li. Telescopes^ by which very 
distant objects, whethpr celestijil or terrestrial, ma> be obsei'V'ed. 
iii. Jnstruments for projecting on a screen a magnified or diminished 
image of any object, which can thereby be either depicted or be 
rendered visible to a crowd of spectators : such as the camera 
luiida^ the camera obscura^ photographic apparatus^ the magic Ian- 
ter/i^ solar microscope^ the photo-electric microscope^ etc. The 
two former classes yield virtual images ; the last, with the excep¬ 
tion of the tameralucida^ yields real images. 

General composition of optical instruments. - t)f the \arious 
instruments enumerated above, those of the first two groups con¬ 
sist essentially of two lenses ; one, called the object-glass.^ or 
objective., receives the light from the object, and concentrates it 
ip a focus, where it gives a small image ; the other, called the 
eyepiece^ or ocular^ acts as a magnifying glass, is near the eye, and 
serves to view the image formed by the object-glass. In what are 
oalled reflecting telescopes^ a concave mirror is used instead of an 
object-glass. Generally speaking, the object-glass and the eye¬ 
piece are not formed of a single glass, but of several, in order to 
obtain a greater magnifying power, and to correct chromatic and 
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spherical aberration (387). These glasses are, moreover, mounted 
in long metal tubes, blackened on the inside, so as to absorb the 
oblique rays, which would otherwise injure the sharpness of the 
image. These tubes can further be slid in or out, so that the 
glasses may be brought to the proper distance. 

0 389. Galileo’s telescope. —Like some other great discoveries, 
that of the telescope seems to have been due to chance ; for it is 
stated to have been made accidentally by the children of a Dutch 
spectacle-maker, at Middelburg, named Jansen. Looking at a vane 
on the top of a church spire through a convex and concave glass, 
the latter being nearer the eye, they were surprised to see the 
object magnified, and apparently almost within reach. The 
father repeated the experiment, and arranged the two glasses in 
tubes, one of which slid in the other, and thus constructed the 
telescope. 

This telescope bears Galileo’s name, for this illustrious astro¬ 



nomer was the first to direct it towards the heavens, and to make 
astronomical observations. It is stated that he was at Venice when 
he heard that Zacharia Jansen had offered to Prince Maurice of 
Nassau an instrument which brought objects nearer. He quickly 
started for Paduc^ where, after meditating on the matter, he made 
some experiments, and in twenty-four hours rediscovered the tele¬ 
scope. 

The telescopes constructed by Galileo were gradually improved 
from a magnifying power of four up to one of thirty times. By 
their means Galileo discovered the mountains of the moon, 
Jupiter’s satellites, and the spots on the sun. 

393 represents the arrangement of the lenses and the path of 
the rays in Galileo’s telescope. The object-glass, O, is a double 
convex, while the eyepiece, is a double concave lens. If AB is 
the object obsen^ed, the rays from any one of its points—A, for in¬ 
stance—tend to form an image of this point beyond the object- 
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glass; but, meeting the double concave lens, these rays appear 
divergent, and seem to the eye which receives them as if they 
proceeded from the point a ; and it is there the image of A appears. 
In like manner the image of B is formed at so that a virtual 
image, is formed which is erect, and very near. 

Galileo’s telescope is very short and portable. It has the advan^- 
tage of showing objects in their right position, and, further, as it 
has only two lenses, it absorbs very little light; in consequence, 
however, of the divergence of the emergent rays, it has only a 



Fig. 304. 

small field of view, and in using it the eye must be placed very 
near the eyepiece. 'I'he eyepiece can be moved to or from the 
object-glass, so that the image is alw.ays formed at the distance of 
distinct vision. Opera-glasscs arc constructed on this principle. 
They are usually double, so as to produce an image in each eye, 
by which greater brightness is attained. 

390. Astronomical telescope.—In observing the stars a tele¬ 
scope with two convex lenses is used. Its invention is due to 
Kepler, and it is known as the astronomical telescope. It gives 
reversed images of objects, but this is not prejudicial in observing 
the stars. 
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Fig. 394 shows an astronomical telescope mounted on its 
stand. Above it there is a small telescope, which is called the 
finder. Telescopes with a large magnifying power are not ^con¬ 
venient for finding a star, as they have but a small field of view ; 
the position of the star is, accordingly, first sought by the finder, 
which has a much larger field of view—that is, takes in a far 
greater extent of the heavens ; it is then viewed by means of the 
telescope. 

Fig. 96 represents the arrangement of the lenses and the path 
of the rays in an astronomical telescope. It consists of two double 
convex lenses; the object-glass, which is of large diameter, and 
but slightly convergent, gives at ab a reversed and very small 
image of the object towards which the telescope is directed. This 
image is looked at through the eyeglass, O, which acts here as a 
magnifying glass, and which, for that purpose, is placed so that 
the image, ab^ is formed between it and its principal focus, F- 
Thus the observer sees at di, a reversed and enlarged image of the 
object. 



.As in all telescopes, the cyctube —that is, the tube in which is the 
eyepiece—slides in the other, so that the eyepiece can be moved 
nearer to or farther from the image, ab^ which can thus be seen at 
the distance of dastinct vision. In powerful telescopes the eyeglass 
is not simple, as in the above case, but consists of a number of 
glasses, the objec.. of which is not only to increase the magnifying 
power, but also to correct spherical and chromatic aberration. 
There is considerable loss of light, however, when it is neces¬ 
sary thus to multiply the lenses. 

The magnifying power of a telescope is greater the greater 
the diameter of the object-glass, and the less its convexity, and the 
more convex, on the contrary, is the eyepiece. The general rule 
j is to divide the focal length of the object-glass by that of the eye- 
\glass^ and the quotient is the magnifying fower of the telescope. 

Increase in magnifying power by the telescope is useless be- 
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yond certain limits, owing to the condition of the atmosphere. 
'Only in very few cases is the air so pure and still that a magnify¬ 
ing powet of 900 can be applied. 

When the telescope is used to make an accurate observation of 
the stars—for example, their zenith distance, or their passage over 
the meridian—a cross-wire (fig. 396) is added. This consists of 
two very fine metal wires or spider threads stretched across a 
circular aperture in a small metal frame. The wires ought to be 
placed in the position where the inverted image is produced by 
the object-glass, and the point where the wires cross ought to be 
on the optic axis of the telescope, which thus becomes the line of 
sij^lit or foUimation, 

It is very difficult to procure large masses of flint glass, free 
from defects and perfectly annealed, for making large object- 
glasses. This is one cause of the costliness of large telescope- 
lenses. 

;• 391. Terrestrial telescope.—The ierrestrial telescope differs 
froni the astronomical telescope in pioducmg images in their right 



positions. This is effected by means of two convex lenses, which 
are interposed between the object-glass, o^ and the eyepiece, O, 
as seen in fig. 397. The object-glass forming, then, at I, a reversed 
image of the object, AB, the two lenses in and n imparl such a 
direction to the rays traversing them that, after having crossed 
between the two lenses, the rays reproduce an erect image at i. ^ 
The eyepiece acts then just as in the astronomical telescope, giving 
a very near, erect, and magnified image, ab. 

The teirestrial telescope is sometimes mounted on a stand, and 
sometimes held in the hand. Its uses are too well known to need 
any description. 

In order to determine by direct experiment the magnifying 
power of a telescope when this is not great, a divided scale placed 
at a distance, or a number of the tiles or slates of a roof, or of 
courses of bricks, may be viewed through the telescope with one 
eye -and directly with the other. It is thus observed how many 
unmagnified divisions con-espond to a single magnified one. 

H H 
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Thus, if two seen through the telescope appear like seven, the 
magnifying power is 3^. 

The excellence of a telescope depends also on the sharpujess of 
the images. To test this, various circular and 
angular figures are painted in black on a white 
ground, as shown in fig. 398 in alx)Ut the 
f^ull size. When these are looked at through 
the telescope at a distance of 80 or 100 paces, 
they should appear sharply defined, perfectly 
black, without distortion, and without coloured 
edges, showing that the telescope is achr-^matic. 
Reading a book in ordinary type adjusted at 
a distance is also an excellent means of testing and comparing 
telescopes. 

(>392. Reflecting telescopes.—The telescopes previously de¬ 
scribed are refracting or dioptric telescopes. It is, however, only 
in recent times that it has been possible to construct achromatic 
lenses of large size ; before this a concave metal mirror or 
speculum was used instead of the object-glass. Telescopes of this 
kind are called reflecting or catoptric telescopes. The principal 
fi)rms are those devised by (Gregory, Newton, Ilerschel, and 
Cassegrain. 




Of these we shall describe the Newtonian telescope, which, after 
long disuse, has been restored to favour, in great measure owing to 
the improvements made in the construction of the concave mirror 
used in it. 

Fig. 399 represents the section of a Newtonian telescope. The 
principal piece of the telescope is a concave mirror, M, placed at 
the end of a long wooden tube. These mirrors were formerly 
of metal, and the difficulty of working them, so as to secure 
perfect curvature, was so great that the use of reflecting telescopes 
was virtually abandoned. 

Foucault discovered a method of silvering glass without injur- 
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ing its polish, and glass being more easily worked than metal, 
reflectors for telescopes are now made of polished glass, silvered 
on tlje eoncave surface itself. The rays of light which come 
from the distant object observed are there reflected, and tend to 
form at Ha a real and very small image of the object; but falling 
upon a small rectangular prism, w/, which acts as a simple plane , 
mirror (359), they form the image at b'a\ and thus enable it to be 
examined by the lateral eyepiece, 0. 

0 393 - Herschel’s telescope. —Sir W. Herschel’s telescope, which 
was long the largest instrument of modern times, was constructed 
on a method 
differing from 
those de¬ 
scribed. The 
mirror was so 
inclined that 
the image of 
the star was 
formed on the ^ 

j side of the telescope near the eyepiece (fig. 400) ; hence it is termed 
the front-view telescope. As the rays in this telescope only undergo 
a single reflection, the loss of light is less than in cither of the 
preceding cases, and the image is thei'cfore brighter. The magni¬ 
fying power is the quotient of the focal length of the mirror by 
the focal length of the eyepiece. 

Herschel’s great telescope was constructed in 1789 ; it was 40 
feet in length ; the great mirror was 50 inches in diameter. The 
quantity of light obtained by this instrument was so great as to 
enable its inventor to use magnifying powers far higher than any¬ 
thing which had hitherto been attempted. 

Herschel’s telescope has been exceeded in size by one con¬ 
structed by the laic Earl of Rosse. This magnificent instrument 
has a focal length of 53 feet; the diameter of the mirror is 6 feet; 
and it weighs 8,400 pounds. It is at present used as a Newtonian 
telescope, but it can also be arranged as a front-view telescope. 

ma(;nifying instruments 

' ' . 394 " Simple microscope.— are instruments which,« 
giving very magnified images, enable us to obsen’^e objects which | 
are. too small to be seen with the naked eye. Two kinds are dis- 
tinguished, the simple and the compound microscope. 
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TJie first of tliese is essentially a convex lens, which is used as 
a magnifying glass, as seen in fig. 401. The object observed 



is placed between 
the lens and its prin¬ 
cipal focus, and the 
magnifying power is 
greater the more con¬ 
densing is the lens. 
When it is rather 
large it is niounletl in 
horn or in ivo y, and 
is then known as a 
rcodinii-hns or read- 
inc;'-i,dtiss. It is fre¬ 
quently used to assist 
the sight of the aged 


Fig. 40T. 


or to facilitate certain 


kinds of work which, as in watchmaking and engraving", require 
great accuracy. No great magnification is attainable with a single 
microscope, and in order to obseiwe very small objects the rofji- 
pflund microscope is used, which is so called because it is made up 
of several lenses. 


If a drop of Canada balsam be allowed, to fall on a glass plate 
it will assume the form of a plano-convex lens, and by holding the 
plate horizontally with the drop downwards it gradually becomes 
more convex. It soon hardens, and if protected from dust is 
tolerably durable. Such an arrangement forms a magnifying 
lens. 


395 * Compound Microscope.—Fig. 402 represents a compound 
microscope arrwsiged for use, and fig. 403 illustrates the path of the 
rays in the interior of the apparatus. The object, which is always 
very small, is placed between two glass plates, which can be kept in 
position by two spring clamps, on a support called the stage. The 
brass tube B contains two condensing lenses, the object-glass., <?, at 
the bottom, and the eyepiece., O, at the top. The object, a (fig, 403), 
being placed very little beyond the principal focus of the lens o., 
a real inverted and greatly magnified image will be formed at ch 
(365). But as the eyepiece, O, is at such a distance that the 
image, be., is between this glass and its principal focus, F, it follows 
that the eyepiece acts as an ordinary magnifying lens for an eye 
looking through it (367), and gives at CB a virtual and amplified 
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image of the first image, tb, it may be said that the compound 
microscope is nothing more than the simple microscope applied not 
to the object, but to its image already magnified by the first lens. 

The magnification depends more especially on the object-glass. 
In order to increase its power it consists of two or three small 
lenses superposed, as seen in H, on the right of the drawing 



Fig, 4 C 2 . 


Fig. 403. 


(fig. 403). To the eyepiece a second glass is added, the object of 
which is less to obtain increased magnification than to render the 
inoages.more defined by diminishing, as in telescopes, chromatic 
and spherical aberration. All the glasses are, moreover, achromabc. 
The magnifying power in compound microscopes has been carried 
to 1,800 times, and even more, but then what is gained in magnifi- 
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cation is lost in definiteness. A good magnification does not 
exceed 600 in length and breadth ; this is called a magnification of 
600 diameters, which amounts to a superficial enlarg«emcnt of 
360,000 times. 

From the great magnification of the image the object must be 
powerfully illuminated. P'or this purpose, when it is sufficiently 
transparent, it is illuminated from below by a concave mirror, M, 
which concentrates upon it a large quantity of light, as shown in 
fig. 403. If the object is opaque, it is illuminated from above by a 
condensing lens, the focus of which is formed upon the object 
itself. 

396. Origin and use of the microscope.—The invention of the 
microscope docs not extend further back than to the last quarter 
of the seventeenth century—which is surprising, for it had long 
been known that a drop of water placed in a small hole in a thin 
opaque plate magnified objeftts seen through it. From the com¬ 
mencement of the first century A.i). the philosopher Seneca 
announced that writing appeared larger under a glass globe con¬ 
taining water. In the thirteenth century spectacles were first used 
—that is, magnifying glasses—to assist the sight of the aged. They 
are said to have been discovered by Salvino degli Armati, a 
Florentine nobleman. The inventor of the microscope is not 
known ; it has, probably, only acquired its present form after 
numeious successive improvements. 

The microscope has been the origin of discoveries in the 
vegetable and animal kingdoms as curious and important as they 
are varied. Botanists owe to it their most beautiful discoveries 
concerning the structure of the cellular tissue in plants, the circu¬ 
lation of the sap, the function of leaves in the respiration of vege¬ 
tables. In entomology it has enabled us to discover a crowd of 
small animals which would otherwise have remained unknown 
from their extreme minuteness. Thus there have been observed 
in vinegar and in sour paste thousands of small organisms called 
bacteria ; in stagnant water myriads of animalcules, as remarkable 
for their curious forms as for their beautiful colours, their instincts, 
their warlike or sociable habits. Mildew presents the appearance 
of small mushrooms with the most brilliant colours. In short, any 
object seen through the microscope becomes an object of a,stonish- 
ment and admiration ; thus, for instance, a hair, a piece of silk 
thread, the eye or wing of a fly, a bee’s sting, a spider’s cJa\y, a 
cat’s or mouse’s hair, the down of fruit, the scales of a butterfly’s 
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wing or of fish, starch grains, spider’s web, etc.—everywhere we 
recognise the infinite variety of Nature’s works. 

The jsimple microscope may also be advantageously used to 
detect fraudulent mixtures in cloths of various kinds, by giving a 
means of ascertaining whether they contain wool or silk, linen 
or cotton. By the watchmaker it is used to inspect the minute 
mechanisms with which he has to deal. 

The excellence of a microscope depends not so much on the 
mere magnifying power as on the sharpness, or what is called the 
definition^ of the images. It is tested by means of what are 
called test objects^ such as particular specimens of a butterfly’s wings 
or scales of certain diatoms ; or by means of fine lines drawn on 
glass. .Such lines have been drawn of which there are no less than 
10,000 in an inch. 
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CHAPTER VIII 

OPTICAL RECREATIONS 

397. Maggie lantern.—In the instruments that still remain to 
be described the aim is to project on a screen reduced or enlarged 
images of an object, so as to exhibit them to a number of specta¬ 
tors, or to utilise them for drawinj^;. 

The oldest and most simgle of these apparatus is the magic 
lantern^ which was invented by Father Kircher, a (ierinan Jesuit, 
about two hundred years .ago, and is used to project a magnified 
image of small objects painted on glass on a white screen in a 



dark room. It consists of a box of sheet metal, in which there 
is a lamp placed in the focus of a concave mirror, M (fig. 404). 
The reflected fays fall upon a condensing lens, L, which conceA- 
trates them on the figure painted on a glass plate or slide^ ab. 
There is a system of two lenses, w, acting as a single one of great 
magnifying power, at a distance from ab of rather more than its 
focal length. At this distance the system of two lenses acts as 
the object glass of a microscope (fig. 403)—that is, a real and very 
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much magnified image of the figure on the slide is {produced on the 
screen. The image is made erect by placing in the lantern the 
slide painted in such a manner that the design is reversed. The 
imajfe, AB, is formed at so much the greater distance, and is so 
much the more amplified, the nearer the slide, ab^ is to the principal 
focus of the system of lenses, /«, and the greater the magnification 
of this system. 

398. Phantasmagoria. — This is only a modification of the 
magic lantern, and dates from the end of the eighteenth century ; 
its name is derived from two Greek w’ords which signify assem¬ 
blage of phantoms^ for it was originally used to produce fright by 
making spectres appear in darkness. 



Fig, 403. 


The internal arrangement of the phantasmagoria is just the 
same as in the magic lantern, the difference being that in the 
magic lantern the image projected on the screen is always of the 
same size, while in the case of the phantasmagoria the size may 
be varied at pleasure. To understand how this is effected, let us 
refer to fig. 404, which represents the arrangement of the glasses 
in the magic lantern. The lenses, w, which are used to project the 
ipiages on the screen, being always at the same distance from the 
painted slide, ab^ the image, AB, is always at the same distance, 
aiid is always, therefore, of the same size. Now, if the lenses, 
be brought nearer the slide, ab it follows from the properties of 
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lenses (367) that the image will be formed at a greater distance, 
and will be larger. Hence the effect sought requires two move¬ 
ments—one which brings the system of lenses, nearer the 
painted slide, to amplify the image; the other, which makes the 
whole apparatus recede, so that the image, while being moved 
away, is always formed upon the same screen as at first. 

To obtain this double effect the whole apparatus is mounted 
upon four small wooden wheels covered with cloth, so that they 
roll noiselessly on the floor. Fig. 405 represents a phantasmagoria 
thus arranged, with the difference that in the figure it is double — 
that is, consists of two apparatus united. We shall present’*/ see 
the reason for this double use (399), but for the moment we shall 
only consider one of the parts. The front of the box is provided 
with a conical brass tube ; in this tube is the projection lens, 
which is not fixed, but may be advanced or moved back by means 
of a milled head and screw, which the experimenter turns with the 
hand. 

A large white sheet is stretched in front of the apparatus, and 
the spectators are on the other side of the sheet. The whole being 
in complete darkness, the experimenter is careful first of all to keep 
the projection lens away from the slide, on which are painted the 
objects he desires to show. Thus there is at first formed on the 
sheet a very small image of the object. Then, with one hand, the 
experimenter brings the lens near the slide, while with the other 
he draws the apparatus towards himself, and away from the cloth. 
The image projected on the latter gradually increases, and ulti¬ 
mately becomes very large. The spectators, who see the image 
very distinctly through the cloth, fall into the illusion that its 
increase in size is due to its coming nearer them. 

399. DissolMng views. —These are produced by a double 
lantern, as represented in fig. 405, with two systems of lenses 
which converge towards the same point of the cloth which receives 
the image. Two pictures on glass are used, representing the same 
view under different conditions—for example. Mount Vesuvius seen 
at daytime, calm, and with a slight cloud of smoke rising from it; 
the other when seen at night, vomiting forth flames and torrents of 
fiery lava. Having arranged these glasses, each in one of the 
lanterns, and the lenses being so adjusted as to project the piagni- 
fied images on exactly the same part of the cloth, the diaphragm of 
the one containing the picture representing the effect of day is 
opened, the other remaining closed. Then, when the image has 
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for some time been exposed to the view of the spectators, a 
mechanism is worked which gradually closes the one which has 
beerj exposed, and opens the other. It follows that, in successively 
passing through all the shades of light, the image which produces 
the elfebt of day disappears, while it is gradually replaced by the 
effect of night represented on the other. In like manner, too, the 
effect of the moon rising may be made to succeed to sunset; to a 
calm and transparent sea, a tempest; to a smiling landscape, a 
snow effect; and so forth. 

400. Photo-electric microscope.—This apparatus is based on 
the same principles as the magic lantern and the phantasmagoria. 
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liut as in these apparatus the subjects painted on glass are of 
some si/.e, no great enlargement is recjuired, and therefore the illu- 
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mination need not be very bright; whereas objects the images of 
which are reproduced by the photo-electric microscope, being 
very small, should be considerably magnified, and the light must 
therefore be very powerful, or else the image will be confused and 
indistinct. Hence the apparatus is illuminated by the powerful 
light which electricity yields. 

Fig. 406 represents the use of the photo-electric microscope. 
The brilliant light of the electric arc, ca^ produced by cither a 
powerful voltaic battery or a dynamo electric machine, is reflected 
from the mirror, /«, and passes through condensing lenses at 1) and 
B, the function of which is to condense the light upon the s tail 
object to be magnified, which is placed between two glass clips, 
between B and A. The projecting lenses are in the little tube A, 
and the object must be just beyond their principal focus. Under 
these circumstances a brilliant and greatly magnified image is 
formed on a white screen at a* distance. P contains an electro¬ 
magnetic arrangement, to be described in its proper place, for keej)- 
ing the carbon points at a constant distance apart, which is essential 
for the steadiness of the light. 

401. Camera obscura.—A Neapolitan physicist, Ciambatli.sta 
della Porta, first observed, in 1569, that if a very small hole be made 






Fig. 407. 


Sn the shutter of a dark room—or\t that is quite deprived of light— 
all objects from which rays can reach the hole depict themselves 
on the opposite screen, and of so much the smaller dimensions the 
nearer this screen is to the aperture. 

' Porta also found that by fixing a double convex lens in the 
aperture, and placing a white screen in the focus, the image was 
much brighter and more definite. In both cases the images are 
inverted. Fig. 407 shows how images formed in the camera obscur;i 
are reversed upon the screen. It is due to the rays crossing on 
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enttniijj ihc apeiluic It follow , in fdcl, that lays from the higher 
parts of the object, pioceedmg in straight lines, meet the lower 
pait of the scieen, while the leveisc is the case with lays from the 
lower part The coloiation of the image is readily understood by 
obseiviilg that the icflected lays die of the same colour as the 
leflecting body tli.it is, th.it a red body leflects led rays, a yellow 
body yellow r.iys, and so on Eachpoition of the image is foimed 
by the coincidence of lays of the s une coloui as the coi responding 
pait of the object it repiesents 
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The im.iges formed m the cimeia obscuii ha\e the pecuhaiitv 
of being independent of the shape of the .ipeitiue through which 
the rays enter, pnn'ided thi': tv very snudl- that is, th.il, whethei 
this aperture is round, squai e, or ti langulai, the image foimed on the 
sciccn IS .ilway a faithful repioduclion of external objects, and not 
of the hole made in the shuttei To account foi this phenomenon, 
let us considei the case of a pencil of sunlight of any shape whatever 
passing into a daik room (fig 408) Compaied with the magnitude 
of the sun this hole is le.tlly nothing more than a point, whence it 
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follows that the whole of the rays which traverse it represent an 
immense luminous cone, of which the hole is the summit and the 
sun the base. By their being prolonged into the chamber these 
r^ys give rise to a second cone resembling the first, but far smaller ; 
aind if this second cone falls upon a screen which is perpendicular 
tfo the straight line joining its summit to the centre of the sun, it 
produces on this screen a circular image like the sun. If the screen 
is obliquely inclined towards this line, as represented in fig. 408, 
the iniJigc is elliptic, but it never has the shape of the aperture 
unless the screen is very close. 

In the same manner we must explain the luminous pa :hes 
formed on the ground under an avenue of trees illuminated by the 
sun. Whatever be the shape of the spaces in the foliage through 
which the light passes, a circular or oval image of the sun is pro¬ 
jected upon the ground. 

402. Photography.— Photo^^^aphy is the art of fixing the images 
of the camera obscura on substances sensitive to light. 

Wedgwood was the first to suggest the use of chloride of silver 
in receiving the image ; and Davy, by means of the solar microscope, 
obtained images of small objects on paper impregnated with chloride 
of silver ; but no method was known of preserving the images thus 
obtained, by preventing the further action of light. Niepce, in 
1814, obtained permanent images in the camera by coating glass 
plates with a layer of varnish composed of bitumen dissolved in oil 
of lavender. This process was tedious and inefficient, and it was 
not until 1839 that the problem was solved. In that year Daguerre 
described a method of fixing the images of the camera, which, 
with the subsequent improvements of Talbot, Archer, and others, 
has rendered the art of photography one of the most marvellous 
discoveries ever thade, whether as to the beauty and perfection of 
the results, or as to the celerity with which they arc produced. 

Fig. 409 gives a vertical section of one kind of camera obscura 
used by photographers. It consists of a rectangular wooden box in 
two pieces, one of 'which, C, is fixed, and the other, B, can be pushed 
in or out like a drawer. In the front of the box C is a brass tube, A, 
in which is a condensing lens, L, which is fixed. In A is a second 
tube, whicli can be moved backwards or forwards by a rack and 
pinion moved by the milled head D. In this second tube is a 
second lens, L', which, by the motion of the tube, is brought nearer 
to or further from the lens L. The advantage of this combination 
of lenses is, that it works more rapidly than an object-glass with a 
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single lens, has a shorter focal distance, and can be more readily 
focused. 

On the face of the box opposite the object-glass is a screen of 
ground glass, E, which can be moved back^vards or forwards a 
will, and fixed in any position by means of the screw «, and on 
which a reversed image of the object is formed. I'hus, if a portrait 
is to be taken, the person is placed at a distance of three or four 
yards from the camera, which is then adjusted until the image is 
formed in the proper position on the glass. It is next placed in 
exact focus by slowly approaching or removing the lens L'. The 
glass is contained in a frame which can be easily removed and 
replaced by the slide containing the material on which the photo¬ 
graph is to be taken. 



The photographs on metal, or tiaguerreotypes^ so called from 
Daguerre, the inventor, are now seldom used. The photographic 
methods in glass and paper are infinitely varied, not as regards 
the essential features of the optical part, but as concerns the sub¬ 
stances employed, and therefore as regards the chemical reactions 
involved. 

We will content ourselves with describing the ordinary method* 
of taking a portrait on paper. For this purpose what is called a 
negative must first be taken—an inverse image of the object, that 
is to say, in which the light parts are dark, and vice versd. With 
this view a glass plate is coated with a thin layer of collodion (gun¬ 
cotton dissolved in ether) containing a certain quantity of potas¬ 
sium iodide. The plate thus coated is then placed in a solution 
of silver nitrate. By the chemical reaction between the potassium 
iodide and the silver nitrate a coating of silver iodide is formed on 
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the plate, which is sensitive to light, and hence this operation must 
be performed in a dark room. The plate is then placed in the 
slide, and inserted in the camera instead of the focusing-glass. 
The slide is so constructed that the plate can be instantaneously 
exposed to or cut off from the action of light. After exposure for 
a suitable time the slide is removed to a dark room. No change 
is visible in the plate, but on pouring over it a solution called the 
developer^ an image gradually appears. The principal substances 
used for developing are iron sulphate and pyrogallic acid. The 
action of light on silver iodide produces some change, in virtue of 
which the developers have the property of reducing to the metallic 
state those parts of the silver iodide which have been most acted 
upon by the light. When the picture is sufficiently brought out, 
water is poured over the plate, in order to prevent the further 
action of the developer. The parts on which light has not acted 
are still covered with silver iodfide, which would also be affetied if 
the plate were now exposed to the light. It is accordingly washed 
with solution of sodium hyposulphite, which dissolves the iodide of 
silver and leaves the image unaltered. The picture is then washed, 
dried, and coated with a thin layer of spirit-varnish to protect it 
from mechanical injury. 

When once the negative is obtained, it may be used for printing 
an indefinite number of positive pictures. For this purpose, paper 
is impregnated with silver chloride, by floating it first on a solution 
of sodium chloride, and then, when dry, on one of nitrate of silver ; 
silver chloride is thus formed on a paper by double decomposition. 
The negative is placed on a sheet of this paper in a copying-frame, 
and exposed to the action of light for a certain time. The silver 
chloride becomes ^^cted upon—the light parts of the negative 
being most affected, and the dark parts least so. A copy is thus 
obtained in which the lights of the negative are replaced by shades, 
and conversely. The picture is next immersed in a bath of gold 
fchloride, by which those parts on which the light has acted 
become coated with gold ; and, according to the extent to which 
the process is carried, different shades of colour are produced. 
The picture, still contains some unaltered silver chloride, which 
would be changed if it were now exposed to the action of light; 
and to fix it the picture is immersed in a solution of sodium 
hyposulphite, which dissolves the unaltered silver chloride. 
Finally the picture is well washed with pure water, which dissolves 
out the sodium hyposulphite and all other soluble salts. 
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Of late years permanent and very beautiful prints have been 
obtained from negatives by making use of the chemical change 
produced-by light on a mixture of potassium bichromate and gelatine. 
On this reaction are based the various carbon processes, tand those 
for mccHanical printing. V^^cry beautiful prints, with an effect 
resembling that of steel engravings, are produced by what is known 
as the platinum process. This consists in exposing paper charged 
with ferric oxalate to the light, and then developing the prints thus 
produced by a platinum ^alt; the fei ric salt by exposure to light 
is reduced to ferrous oxalate, which in turn reduces the platinum 
salt to black metallic platinum. 

403. Positives on glass. - Very beautiful positives are obtained 
by preparing the jilates as in the precciling rases ; the exposure 
in the camera, however, is not nearly so long as for the negatives. 
The picture is then developed by pouring over it a solution of 
iron protosulphatc, which jiroiluce^ a negative image ; and by 
afterwards pouring a solution of potassium cyanide over the plate 
this negaiiie is rapidly converted into a positive. It is then 
washed and dried, and a coating^ ot varnish poured over the 

• jiicture. 

404. Photographic dry plates. The possibilities of photography 
have been greatly increased by the rafiid development of what 
are known fis dry plates. These arc made from an emulsion 
consisting essentially of gelatine, with which are incorporated 
bromide and other sensitive salts of silver, (ilass plates are coated 
with emulsion, and are then dried. IJy varying the composition 
of the mixtine, and by care in manipulation, plates may be obtained 
which not only produce pictures of great beauty, but require only 
a very small fraction of a second for their cxposuie. Such plates 
may, indeed, be said to be almost instantaneous ; it is pcjssible. by 
the most sensitive of them to photograph an express train moving 
at a rate of 100 feet a second, and even lightning flashes, the 
duration of which does not probably exceed the irKMirt.i second. 
Plates of this kind will keep for months, and even years, and, 
provided light is carefully excluded, maybe kc])l after exposure for 
a long time before development These advantages, together with 
the improvements in the portability of cameras, arc of especial 
importance and value to travellers. 

405. Ghost-scenes.—We will give here a description of a 
cupous optical effect, which was first introduced some years ago 
in the theatres under the name cdghost-scenes. 
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In order the more readily to understand the appearance of these 
spectres, let us recall an elfect which every one has observed. 
When on a railway journey, towards evening, we look at the 
windows of carriage doors, we see a pale and indistinct image of 
the travellers inside. This is an effect of reflection from the panes, 
which reflect the light that illuminates persons and objects placed 
in the compartment; and the faint light of the images arises from 
the fact that the panes, allowing great part of the light to be 
transmitted, sends very little towards the observer. A similar 
effect is produced when in the evening, in a well-lighted street, a 
window-front which is little or not at all lighted, is looked at. The 
observer sees on the other side of the panes his own image and , 
those of other people in the street. These effects are not seen 
in full daylight, for the images which are produced are eifaced by 
the brightness of the light which comes through the glass. 

These phenomena have been utilised in public to simulate the 
appearance of ghosts. Fig. 410 represents the arrangements of the 
apparatus intended for this purpose. On the floor below the stage, 
and not seen by the spectators, is an actor, covered by a sheet, 
and intended to represent the ghost. Hetween the actor and the • 
public is a magic lantern, illuminated by limelight or by the electric 
light, so as to give an extremely bright illumination. An assistant 
directs the light upon the actor, and the white cloth, thus power¬ 
fully illuminated, sends its rays towards an inclined plate of glass, 
placed near the assistant. This glass, which is silvered, sends 
almost all the reflected light towards a second plate, which i.s not 
silvered, on the same scene. This latter plate acts like those in 
carriages and in shop-windows, which we have mentioned above, and, 
being traversed by the greater part of the incident rays, sends but 
little light towards the spectators. Yet, as care is taken during 
this time that the illumination in the room is very faint, the light 
is sufficient to give a shadowy image of the actor placed under the 
stage. 

If another actor enters the scene, the public see very distinctly 
through the glass, which is carefully concealed by hangings and 
decorations ; and if this actor is behind the plate at the same dis¬ 
tance as the image, he can join his action with that of the ghost, 
and thus produce a complete illusion. • . , 

The same effects are produced with a single plate, but, as its 
obliquity tends to give inclined images, in order t-o rectify them the 
actor unde; the stage must hold himself so much inclined as to 
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lendei his play veiy diffic ult With the two plates repiesented in 
fig 410 the actoi letains his natural oosition 
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Fig 410 
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VISION AND 'J'HE STEREOSCOPE 


406. Structure of the eye and mechanism of vision.—The 
l 0 :^ipe of the eye is approximately a sphere. It is enveloped by a 
white coat—the sclerotic coaty commonly called the white df the eye 
—which is opaque, except in front, where it is transparent, and 
slightly more convex than the rest of the eyeball. This transparent 
portion is called the cornea, a. At a small distance behind the 
cornea is a membranous diaphragm, d, called the iris ; it constitutes 
the variously coloured disc which is seen through the cornea, and 
to which is due the colour of the eye. In the centre of the iris is 



Fig. 411. 


an aperture calLd 
the pupil ; in man 
this is circular, and 
in the cat narrow 
and elongated, and 
through it rays pass 
into the eye. Behind 
the iris, but v'ery near 
it, is the crystalline 
lens, f, which is a 
transparent mass, 
having the shape and 
fulfilling the functions 
of a double convex 
lens. The whole of the 


hinder part, from the crystalline lens to the back of the eye, is filled 
with a gelatinous transparent mass, like white of egg, which is called 
the vitreous humour. In front of the eye, between the crystalline 
lens and the cornea, is a perfectly transparent liquid, called the 
aqueous humour. The whole of the back inside part of the eye 
is lined with a soft whitish transparent membrane, /, called the 
retina \ in it are the extensions of tlie bundle of nerve fibres, n, 
which proceed to the brain, and transmit the sensation of vision, 
whence the bundle receives the name optic nerve. Behind the 
retina is a second membrane, k, called the choroid, which is impreg- 
nated'i&y a black matter that absorbs all rays which should not 
co-operate in producing vision. Lastly, a membrane, i, the sclerotic, 
surrounds the whole eyeball behind, and joins the transparent 
cornea ii; front. It forms in front a series of projecting folds, Which 
are called ciliary processes. 
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These details being known, we may readily account for the 
mechanism of vision ; for the eye is, in fact, a small camera obscura 
(401}^ of- M'hich the pupil is the aperture, the crystalline is the 
condensing lens, and the retina is the screen on which the imaj^e 
is formdd. The optic nerve, carrying thence to the brain the 
impression produced by the vibrations of the iuminiferous ether on 
the nervous system of the retina, enables us to perceive external 
objects. In accordance with this explanation we should see objects 
reversed, and not in their natural position. The inversion of images 
in the eye has greatly occupied both physicists and physiologists, 
and many theories have been proposed to explain how it is that we 
do not see inverted images of objects. Some have supposed that it 
is by custom, and by a regular education of the eye from early 
infancy, that we see objects in their true position—that is to say, in 
their position relative to us : the visual impression becomes cor¬ 
rected by the impression of other Senses, such as that of touch. 
Muller, Volkmann, and others have contended that, as we see 
everything inverted, and not, simply one object among others, 
nothing can appear inverted, because terms of comparison are 
wanting. The chief difficulty seems to have arisen from the con¬ 
ception of the mind or brain as something behind the eye, looking 
into it, and seeing the image upon the retina : whereas, really, this 
image simply causes a stimulation of the optic nerve, which pro¬ 
duces some molecular change in some part of the brain, and it is 
only of this change, and not of the image as such, that we have any 
consciousness. 

If the eye is exposed to too powerful a light, thecontractsj 
and only a smaller quantity of rays are admitted and strike the 
retina; in a dimmer light the exact reverse is the case. This in¬ 
crease or decrease is limited, however, and in too strong or too 
dim a light objects cannot be distinctly seen. If the eye has for 
some time been exposed to a bright light, it becomes insensible 
to feebler ones. On coming suddenly into a dark room we cannot 
distinguish objects which after a while can be distinctly seen. 
After the retina has, as it were, recovered from the too strong 
stimulus, its sensitiveness to feebler inqiressioiis graduiilly in¬ 
creases. 

. 407. Distance of distinct vision. Accommodation. Short and 
long sight.—We know that in double convex lenses the distance 
of images from the lens increases or diminishes as the object is 
approached or receded from (361). Hence, according to the distance 



I 


486 


On Light [407- 


of the objects looked al, it would seem that the image formed by 
the crystalline should be sometimes fonned exactly on the retina, 
and sometimes a little in front of or behind this membrane. Only 
objects placed al a certain distance should then be seen distinctly; 
all those nearer or further should appear confused. 

Experience .shows us, however, that the eye can see distinct 
images of objects at very different distances. We can, for example, 
see a distant tree through a window, and also a scratch on the 
pane, though not both distinctly at the same moment; for when 
the eye is arranged to see one clearly, the image of the other does 
not fall accurately upon the retina. An eye completely at rest seems 
adapted for seeing distant objects ; the sense of effort is great^'r 
when a near object is looked at after a distant one, than in the 
reverse case. 

The power which the eye possesses of voluntarily adapting 
itself, so that it (.an form distiifct imag^es on the retina of objects al 
very different distances, is called its power of accommodaiion. 

When the eye is adjusted for a near object, the entire crystalline 
lens is pushed forward by means of pressure exerted by the 
muscles of the eye, and the front surface is made more convex ; 
when the eye has been adjusted for a distance, and then the pres¬ 
sure is irlaxcd, the lens becomes flatter ; the rajs arc then less 
strongly refracted, and the image recedes a little. 

Yet, though the eye can well distinguish objects at very dilferent 
distances, there is, in the case of each person, a distance at which 
objects arc more distinctly seen than at any other. This distance 
is called I he least distance of distinct vision; it varies with different 
persons, and often in different eyes in the same individual; for 
small objects like print it is usually 10 or 12 inches. 

In order to obtain an approximate measurement of the least 
distance of distinct vision, two small parallel slits are made m a 
caid at a distance of 0*03 of an inch. These apertures are held 
close before the eye, and when a fine slit in another card is held 
very near them, the slit is seen double, because the rays of light 
which have traversed both apertures do not intersect each other 
on the retina, but behind it. But if the latter card is gradually 
Unmoved, the distance is ultimately reached at which both images 
coincide and form one distinct image. This is the distance qf 
distinct vision. Slampfer constructed an optometer cm the principle 
of this experiment, which is known as Scheinefs experiment. The 
I* least distance of distinct vision may also be determined by looking 
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along a tightly stretched tliread and observing at what distance it 
ceases to appear as a line, and widens into a band owing to its not 
being seen sharply. 

Tliose who can only sec well at shorter distances have a defect 
in the shape of the eye ; they are said to be myopic^ ox short-sighted^ 
from two Greek words which signify to close the eyes ; for myopic 
persons, in order to see more distinctly, do in fact involuntarily 
half close the eyes. If the least distance of distinct vision is greater 
than 10 or 12 inches, that is also due to a malformation of the 
eye, and those affected by it are called presbyopic, or long-sighted, 
from a (ireek word which signifies aged, for this defect is usually 
met with in aged persons. 

Myopy, or short sight, results from too great a convexity of the 
crystalline lens. The eye being too convergent, the rays of light 
from an object—M, for instance—are refracted in such a manner 
that, instead of forming their focus exactly on the retina, they form 
it a little in front, at m (fig. 412), and therefore the image is con¬ 



fused. But if objects are brought neaier to the eye, as at the 
image recedes, and is formed exactly on the retina, m„ when the 
objects arc sufficiently near, which explains why short-sighted 
persons only see objects when they are very close. Myopy is 
main'll met with in young people; as they grow older the con¬ 
vexity of the crystalline lens diminishes, so that their sight 
generally becomes better wdien that of other people becomes worse. 

Presbyopy, or long sight, is due to the flattening of the crystal¬ 
line ; as the eye is then no longer sufficiently convergent, the rays 
from M (fig. 413), instead of forming their focus on the retina, tend 
to fonn it beyond at m, whence it arises that the eye only observes 
a confused image. But, as the object recedes as at the image 
comes nearer the crystalline, and is ultimately formed exactly on 
fhe retina, when objects are sufficiently distant; this is the reason 
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why long-sighted persions see oljjecis most dititinctly when they are 
distant. 

Short sight is remedied by the use of concave or diverging 
lenses before the eyes (L, fig, 412); as the pencil is spread out 
before entering the eye, the rays appear to reach the eye from a 
point, M„ nearer than M. That is. the interposition of the concave 
lens has the effect of bringing the object nearer to the eye. For 
far sight, on the contrary, condensing or convex lenses should be 
used (h, fig. 413), so as to correct the want of convexity of the 
crystalline. As the rays then become more convergent before 



entering the eye, the image, which would otherwise be foimed 
beyond the retina at w, a])])roaches it, and is iilliinately formed 
exactly ii]Jon it at niy 

For a long time double concav e lenses were exclusively used for 
short sight, and double convex for far sight. 'J'hc concavo-convex 
lenses represented in O (fig. 3O0) are recommended for long sight, 
and those in R (fig. 361) for short sight. Tlrese are called peri- 
scopic glasses^ from two (ilreek w^orcls meaning to see round; for as 
their shape belter enables them to embrace the eyeball, they 
facilitate vision in all directions ; and as tliey do not deform objects, 
they do not fatigue the eye like other glasses. 

40B. Binocular visftjn. --Although we have two eyes, and w'hen 
•we fix them on the same object cacli forms its own image upon the 
retina, yet we see only one object, just as with two ears we hear 
only one sound. Various hypotheses have been made to account 
for single vision with two eyes. Some have considered it as an 
effect of habit ; others, assigning to it a physiological cause, have 
assumed that two points similarly placed on the two retinas corre¬ 
spond to the same nervous filament which, coming from the brain, 
bifurcates towards each eye. Hence the two impressions simul¬ 
taneously produced on the two retinas result in a single sensation 
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Not only does simultaneous vision with two eyes enable us to 
see bodies with greater lustre, but the imperfections of one eye are 
corrected by those of the other ; it also gives us the impression of 
relief,* as the stereoscope well shows, and it is a most important aid 
in estimating the distance and magnitude of objects. 

409. Stereoscope. —The stereoscope^ so called from two Greek 
words which mean perception of solidity^ is an ingenious instrument, 
which was invented by Sir C. 

Wheatstone, and modified to its 
present form by Sir D. Brewster. 

To understand the effect of the 
stereoscope, let us observe that 
when we look at an object with 
two eyes, each eye does not see it 
under exactly the same aspect, but under a slightly different per¬ 
spective. Thus, let a small object, «uch as a die, be successively 
viewed with one eye, at a slight distance, without moving the head. 
If the cube be just in front of the observer, looking at it with his 
left eye, he will see the face and a small portion of the left side, 
the other being concealed (fig. 414) ; if, on the contrary, he views 
it with his right eye, he sees the front and a portion of the right 
side, the other being hidden (fig. 415). Tims the two images 
formed on the retina arc not quite identical, for each corresponds 
to a different point of*view. It is this difl'erence in the images 
^^'hich gives us the sensation of relief in bodies, and enables us to 
apjireciate their shape and their distance. 

This may be confirmed by making two drawings of the same 
object, taken respectively with the perspective belonging to the 
riglit and to the left eye ; then, as each eye looks separately at the 
drawing through prisms or lenses, which make the two drawings 
coincide, by giving the rays of light the same direction as if they 
convet^l^id from a single object, the impressions produced upon 
each retina will be the same as if the object itself were viewed. 
The illusion is in fact so complete that, however prejudiced we 
may be, it is impossible not to be deceived, so true are the effects 
of relief and perspective. 

This it. the principle of the stereost:ope. Fig. 416 shows the 
path of the rays of light in the instrument. At A is the drawing of 
the object seen with the left ej e ; at 15 that of the same object 
seep with the right. The rays from these images fall on two 
half-lenses m and «, and take, after having traversed them, the 
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same direction as if they came from the point C ; the object 
represented at A and B appears in relief at this spot. 

The lenses m and n must impart ex¬ 
actly the same deviation to the rays, and 
they should therefore be exactly identical. 
Brewster attained this result by cutting 
in halves a double convex lens, "^and 
placing the right lialf in front of the left 
eye and the left half in front of the right 
eye, as shown in fig. 416. 

To produce the sensation of relief, the 
two dissimilar pictures at A and B shor’d 
give from two different points of view 
so faithful a representation of the same 
object that these separate views cannot 
be taken by hand drawing ; it is only 
practicable by means of photography. 
Fig. 417 represents two photographs of 
Sir C. Wheatstone taken at a slightly 
different angle. That on the left repre¬ 
sents more of the full face, and must be 
looked at with the left eye ; the other one is more in jirofile, and 
must be viewed with the right eye. These two views being placed 




Fii-. 417 

in .the stereoscope disappear as such, and their images, seen by 
each eye, coalesce, and form a single image, as represented in 
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fig. 418, and the original appears-so solid, with such perfect relief, 
that the imagination can with difficulty realise the fact that we are 
only concerned with drawings on a plane surface. 

Two photographs of the moon taken from different positions on 
the earth*, and placed in the stereoscope, are extremely interesting ; 
the plains, mountains, and valleys on the moon’s surface stand out 
with great vividness. 

If the position of the pictures be reversed—that is, if the right- 
hand picture is viewed with the left eye, and vice versd —the eleva¬ 
tions of the pictures appear as depressions, and the depressions 
as elevations ; tlius the image produced is that of an intaglio. 
Such pictures are psmdoscopes (yjrevdris, false). 



Fig. 418. 


\^hen the two eyes view simultaneously two different colours, 
the mimession produced is that of a single mixed tint. The power, 
howev^ of combining the two tints into a single one varies in dif¬ 
ferent individuals, and in some is extremely weak. If two white* 
discs be placed in the stereoscope and be illuminated by two 
pencils of complementary colours, a single white disc is seen, 
showing that the sensation of white light may arise from two 
complementar}' and simultaneous chromatic impressions on each 
of the two retinas. 

If two pictures are absolutely identical, they form a perfectly flat 
picture in the stereoscope. If, however, there are minute differ¬ 
ences, the eyes make movements in order to combine the two 
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images, and there is formed a stereoscopic picture. This process 
has been used to distinguish between forged and genuine bank¬ 
notes, between two different editions of the same printed work, and 
the like. 

That binocular vision is of great service in the exait appre¬ 
ciation of distance is seen from the difficulty we experience in 
threading a needle when one eye is closed. 

Anoliier illustration of this is the following : a thin metal ring, 
about 2 inches in diameter, is suspended by a thread, and in a 
rod about 2 feet in length is fitted a stout iron wire bent at 
right angles. It will now be found almost impossible to put the 
end of the wire in the ring if cither eye is closed, but this is m^ it 
easily effected when both eyes are open. ' " ’■ 
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BOOK VII 

ON MAGNETISM 


" CHAPTER I 

PROPERTIES OF .MAGNETS 

r-— • 

410. Natural and artificial mag^nets.—Natural magnet, or lode- 
stone, is a mineral wliirh has ihp PXPpprty^f attracting^ iron and a 
few other metals, especially nickel and cobalt. This mineral is am 
' oxide of iron- that is, a compound of iron and oxygen. When aj 
piece of lodcstone is dipped into iron filings, the filings are attracted 
by and cling to the lodestone (fig. 419), 
chiefly at opposite ends or edges. 

Lodestone has another property, 
which is not less remarkable - namclv, 
that when it is placed in a stirnip, 
suspended to a thread or placed on a 
cork w'hich floats on water, it constantly points towaixls a c^prUTin 
'l^irection of the horjzon. 

^^riiis lodestone, or magnetic stone, was known to the ancients, 
wh^*<;^led it Lydian stone, or Magnesian stone ; for it was first 
found m?ar a village called Magnesia, in Lydia. And from this 
place the Greeks derived the name 7nagnesy from which is obtained* 
the word magnetism, under which name philosophers understand 
the whole of the properties which magnets possess. Magnetic iron 
ore is very abundant in Nature : it is met with in the older geological 
formations, especially in Sweden and Norway, where it is worked 
<is an. iron ore, and furnishes the best quality of iron. 

Artificial magnets are usually made of steel. When steel is 
^npered —that is, when it is raised to a high temperature, and 
suddenly cooled by being immersed in cold water—it acquires 



Fig. 419. 
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great hardness ; and it is in virtue of this property that it becomes 
so valuable for cutting-instruments. Steel has not naturally the 
power of attracting iron ; but when it is tempered and made hard* 
this property may be imparted to it by rubbing it with a powerful | 
magnet, either natural or artificial j and it then becomes itself a: 
permanent magnet. 

Artificial magnets have just the same properties as natural 
magnets, but are far more powerful and convenient; they are, 

accordingly, almost univer¬ 
sally used in experiments. 
They arc sometimes made 
into bars a foot or two lo..g, 
like lira: represented in fig. 
420; sometWes in a horse¬ 
shoe form (fig.' 427); or, 
lastly, if they are to be ffee 
to move, they are cut out of 
a thin sheet of steel in the 
shape of a lozenge, as shown 
in fig. 422. A small agate 
cup is let into the centre, 
in such a manner that the 
needle can rest on a vertical pivot and oscillate freely in a hori¬ 
zontal plane. Thus arranged the artificial magnet becomes a 
magnetic needle, 

411. Distribution of magnetic force in magnets. —The force 
with which a magnet attracts iron is not the same at all parts of it. 
The greatest attraction is at the ends ; it decreases rapidly from 
there towards the middle, where there is no attraction. For, if p 
magnetised bar is immersed in iron filings, when it is withdrav h 
the filings are seen td adhere to the ends in long and compact nla- 
ments (fig. 420), but not a particle adheres to the middle. 

The two parts near the ends where the attraction is most 
powerful are called the poles of the magnet, and the medial part 
where there is no attraction is called the neutral line. All magnets, 
natural or artificial, have each two poles and a neutral line. 
Sometimes, besides the two principal poles, there are observed 
intermediate poles, which are called consequent poles. These arise 
from some inequality in the temper of the steel, or from the manner 
in which the bar has been magnetised. We shall always assuij^f' 
that magnets, being properly magnetised, have only two poles. 
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( The action of magnets upon iron is exerted through all bodies 
which are not themselves magnetic.")Thus, a magnet being placed 
on a tabic and a piece of cardboard rested upon it, iron filings are 
allow’ed to fall through a sieve (fig. 421). As the filings fall while 
the cardboard is tipped, acted upon by the two poles they become 
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. arranged in long filaments, which group Ihemselves along curved 
lines fnjin one end of the magnet to the other ; but over the middle 
of the magnet no action is observed, and the filings .are arranged 
as they would be over any non-magnetic substance. 

413. Laws of ms^etic attraction and repulsion. —When the 
two poles of a magnet are compared as to the action they exert 



upon iron, they seem to be completely identical. This Identity is, 
JjQjvever, only apparent : for if to the same pole of the magnetic 
needle (fig. 422) the two poles of a bar magiet held in the hand be 
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successively presented, the curious phenomenon is observed that 
if the pole a of the needle is attracted by pole 15 of the bar, it is, 
on the contrary, repelled by the other pole of the latter ; which 
shows that the poles of the bar are not exactly identical, for one 
repels the pole a, while the other attracts it. The same difference 
may be ascertained to exist between the two poles of the needle 
ah ; foj if the same pole, 15 , of the bar be successively presented to 
the two ends of the movable needle, in one case there is repulsion, 
in the other attraction. 

We shall presently see that a freely suspended magnet always 
sets with one pole pointing to the north and the other towards the 
south. The twApoiniing towards the north is called in this country 
the north pole^ and the other end is sotlfk^p'de. These are also 
called red and blue poles respectively, the red pole o^ig that which 
points to the north, 'fhe end^of the magnetic needle pojjibng to 



the north is also sometimes called the marked end of tfte needle^ the 
other end being the unmarked end. Hence, in reference to magnetic 
attraction and repulsion, the following law may be enunciatetl 
^ Poles of the same name rcpel^ and poles of contrary name attrt^^ 

‘each other. ^ 

The opposite actibns of the north and south poles may be sVTown 
by the following experiment. A ]>iecc of iron—a key, for CAample— 
‘ is supported by a magnetised bar, A (fig. 423). A second magnetised 
bar of the same dimensions, B, is then moved along the first, so that 
their poles are contrary. The key remains suspended as long as the 
two poles arc at some distance, but when they are sufficiently near 
the key drops just as if the bar which supported it had Ipst its 
magnetisation. 'I'his, however, is not the case, for the key.woukl 
be again supported if the first magnet were presented to it after the 
removal of the second bar. V, 

The attraction which a magnet exerts upon iron is a reciprocal 
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one, as is easily verified by presenting a piece of soft iron to a 
movable magnet, when the latter is attracted. 

413. Experiment of broken magnets. —If we take a magnetised 
steel knitting-needle, AB (fig. 424), Abeing the north pole, and break 
it in the middle at the neutral line, N, where there is no appearance 
of magnetisation, we shall find that each of the two halves, AB^ and 
A'B,“forms a complete magnet, the broken ends, A'jB', being of 
opposite polarity—that is to say, the end B' is a south and the end A' 
a north pole. If the half AIV be again broken, this will in turn pro¬ 
duce two small magnets, AB" and A"B', with poles and a neutral 



line, and so on u ith the other half, and, indeed, as long as the division 
,can be carried ■ and if a piece be cut an) where out of the magnet 
It will be a perfect magnet. It is not possible, in short, to produce 
a magnet which has only one kind of magnetism, or which contains 
more ot one kind than another; in other words, wc cannot procure 
a u/ajio/ar mniincl. It*is by analogy concluded that if we could 
deal with the elementary molecules, each would be a perfect 
magnet. 

414. Theory of magnetism. — M odern views of magnetism 
assert that it is a projierty of the molecules; that e\ery molecule 



425. 


itself a complete permanent magnet, each with its 
.north pole and south pole. In the ordinary molecular but un¬ 
magnetised state, the elementary molecular magnets have no order 
or arrangement, so that the general effect is to neutralise each 
other, so far as their action on an external body is concerned. 

K K 
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The condition of these elementary niaynets is represented in fig. 425, 
the black representing the south, and the white the north poles of 
each. The process of magmeiisalioii does not consist in imparting 
anything to the magnetic body, but in giving a definite direction 
to its molecular magnets. In every magnet there is a limit beyond 
which it cannot be more highly magnetised ; this limit of magneti¬ 
sation is attained when all the north poles point in one direction 
and all tlie south poles in exactly the opposite one. IJetvveen this 
final state of perfect arrangement and the initial state of absolute 
confusion there may be intermediate one.s, corresponding to as 
many intermediate degrees of magnetisation. Fig. 426 represents 
sue h a stage. 

We need not trouble ourselves W'itli'flif*c|uc£tion as to how the 
molecules of a magnetic substance become ina^Wets. We have 



Fiff. 426. 


only to suppose that the magnetic character of each molecule is an 
inherent and permanent property of the substance, like its hardness 
or opacity, or electric: conductivity. 

415. Influence of m^nets upon magnetic substances. A 
magnetic, substance is readily distinguished from a magnet. The 
former has no poles ; if successively presented to the two ends 
a magnetic needle, (fig. 422), it will attract both ends equity, 
while one end of a magnet would attract the one, but rep^l the 
other, end of the needle. Magnetic substances also hav4; no action 
on each other, while magnets attract or repel, according as unlike 
or like poles are presented to each other. 

I 416. Magnetic induction. A magnetic substance placed in 
contact with a magnet, becomes itself a magnet having a north pole 
nearest to the south pole of the original magnet, and a south pole 
at its other end, icmaining so as long as the contact continu.e§. 
For instance, if a small cylinder of soft iron, ab (fig. 427), be placed 
in contact with one of the poles of a magnet, the cylinder c?^ in 
turn support a second cylinder; this in turn a third, and so on, to ■ 
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as many as seven or eight, according to the power of the magnet. 
/Each of these little cylinders is a magnet; if it be the north pole 
I of the magnet to which the cylinders are attached, the part a will 
have south, and b north magnetism; b will in like manner develop 
' in the neSarest end of the next cylinder south magnetism, and so on. 

But these cylinders are only magnets so long as the influence of a 
; magnetised bar continues. For, if the first cylinder be removed 
from the magnet, the other c)'linders immediately drop, and retain 
; no trace of itiagnetism. Hence we may have temporary magnets 
as well as permanent magnets. 

This action, in virtue of %\hich a magnet can develop magnetisa- 
^tion in iron, is called mayyictic induction or inplieence^ and it can 



lake place without actual contact between the magnet and the 
iron, though the action is not so strong, as is seen in the experi¬ 
ment represented in fig.^428, where ns is a bar of soft iron. 
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When ns is removed from the neighbourhood of magnets 
i^ither end of it attracts iron filings, but when brought into the 
jl^ition shown in the figure it becomes a magnet by induction, n 
beiii^a north and s a south pole. Iron filings, when poured over 
it, cling to the ends but not to the middle. 

Magnetic induction explains the formation of the tufts of iron 
filings which become attached to the poles. The parts in contact 
with the magnet are converted into magnets ; these act inductively 
on* the adjacent parts, converting them into magnets ; these, 
again, on the following ones ; and so on, producing a threadlike 
jjcrangcnient of tiic filings (fig. 420). 

417. Coercive force.—We have seen from the above experiments 
tJjat>soft iron at once becomes magnetised when placed near a 
magnet, but that this magnetisation is not permanent, and ceases 

K K 2 
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when the magnet is removed. Steel, imdei like conditions is not 
magnetised at all, or to a very slight extent. If two similar bars 
of soft iron and hard steel are each rubbed from end to • end with 
the pole of a magnet, it will be found that the steel has become 
a permanent magnet, while the iron, though strongly magnetised 
when in contact with the magnet, has not acquired any pcriKment 


magnciism. 

'J’hese different effects in soft iron and steel aie ascribed to a 
coercive force^ which, in a magnetic substance, ojiposes a viscous 
resistance to the setting of the molecular magnets in any ]jarticular 
direction, but when once they are set retains them in that position. 
In steel this coerci\e force is very great, in soft iron it is very 
small, or even quite absent when the iron is very carefully prepared. 
The harder and more brittle the steel, the greateR'’s the coercive 
force ; but by heating to redness and gradually coolihgNiijTecomes 
almost as small as with wrcflight iron. IJy straining, hamnierlTrg^ 
or twisting, a certain amount of coercive foice may be imjiartcd 
to soft iron, as will be explained under Magnetisation (424). 

418. Magnetic field. -'The siiace round a magnet in which its 
Influence can be felt, that is, in vhich it can exercise magnetic 
induction, is called its magnetic field. The strength of the mag¬ 
netic field at any ])oint is the magnetic force exerted at that 

point and de- 
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pends upon the 
strength cjf the 
magnet and the 
distance and di¬ 
rection of the point 
from the magnej-. 
The effect duet to 
a magnet is 'oftcn 
spoken of as being 
due to its magnetic 
field. 

A very minute 
magnet, suspended 
so as to move 
freely and placed 


m various post 


Hons, would in each place set in a definite direction, which would 
be that of the magnetic force at the place in question. If the 
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magnet be moved in its own direction, it describes a line the 
tangent to whicli is the direction of the force due to the magnet. 
Such lines are called tines of mat^netic force. P'ig. 421 represents 
the lines of force due to a bar magnet in a horizontal plane. 
As the •iron filings are sifted over the cardboard, each particle 
becomes a magnet by inckution and ])laces itself, that is, the 
line'joining its north and south poles, in the direction of the 
magnetic force at the place where it falls. Its neighbours do 
the s.ame, and, as north and south poles attract, the filings form 
into filaments which delineate the lines of magnetic force. The 
lines appear to start from each pole especially from the edges 
near the pole—and cuiwe round to the other. It is usual to speak 
of them as leaving 
the magnet jit>^lhe 
north piiin- "hnd rc- 
^itfRmg to it at the 
south, so that the 
tiircciion of a line 
of force is the di¬ 
rection in \vhi.,h a 
free isolated north 
pole would move. 

Any magnet is 
always accom¬ 
panied by its own 
group of lines of 
force, which it car¬ 
ries with it wher¬ 
ever it may be. It 
i-;^well to familiarise ourselves with the idea that they are not a 
mew; geometrical figmem, but that they h;i\c a real existence. 

P'ig. 429 represents the field due tt' two oj^posite poles of two 
equal magnets, and fiy. 430 that due to two equal poles of the* 
same kind. 

'I’hc strength of the field ilue to a magnet depends partly upon 
the poles of the magnet, and partly upon their distance apart. 
The product of these two magnitudes, \i?. the .strength of either 
jpoleand the dijtance bettveen them, is callcfl the magnetic moment 
of the magnet. 
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chapter 11 

TERRESTRIAL MAGNETISM 


419. Directive action of the earth on magnets.- I'he power 
of attracting iron is not the only one which magnets present ; Iney 
have also that of setting in a certain definite direction when they 
can turn freely in a hori/onial plane. Thus, wheh».^ magnetised 
needle is placed on a pivot on which it can turn freelv ^fi^^ . L 

« it ultimately sets in a positToir 



which is more or less north and 
south. If removed from this po¬ 
sition, it always returns to it after 
a certain number of oscillations. 

If a magnetised strip of steel 
be placed on a cork, and this in 
turn be floated on water, the mag¬ 
net will, after a few oscillations, 
come into a position which is the 
same as that it had on a pivot— 
that is, nearly north and south (fig. 
432). It is important in this second 
experiment to observe that the 
needle only sets in a certain dire(»^* 
tion, and that, though free- to 


make either a forward or a back¬ 


ward motion, it remains in the middle of the vessel, and moves 
neither towards the north nor the south ; hence the force which 
acts upon the needle is simply directive^ and not attractive. 

Analogous observations have been made in different parts df 
the globe, from which the earth has been compared to an immense 
magnet, whose poles are very near the terrestrial poles, and whose, 
neutral line virtually coincides with the equator. 

The polarity in the northern hemisphere is called the northern 
or boreal polarity, and that in the southern hemisphere the southern 
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or austral polarity. In French works the end of a needle pointing 
north is called the austral or southern pole, and that pointing to 
the south the boreal or northern pole—a designation based on 
the hypothesis of a terrestrial magnet, and on the law that unlike 
magnetisms attract each other. In practice it will be found more 
convenient to use the English 
names, and call that end of the 
magnet which points to the north 
tlie north pole, and that which 
points to the south the south pole 
(412). That end of the needle 
which points to the north is often 
provided with a small transverse 
mark, and the'^end is accordingly 
spoken oi^as the marked cfid. Or 
the hcedle may be painted red and • 
blue—the north end l^eing red and the south blue. In accordance 
with this the northern parts of the earth must be regarded as having 
blue magnetism, the southern parts red magnetism, since red and 
blue poles attract each otner. 

0 420. Magnetic meridian. Declination. —When a magnetic needle 
points towards the north, if we conceive a vertical plane, ab^ passing 
through its two poles, NS, this plane is what is railed 
the magnetic meridian of the place. The direction 
of this plane docs not in general coincide with the 
geografihical meridian of a place, which is the 
imaginary plane, «.v, passing through the place and 
through the earth’s poles. The angle (fig. 433) 
which thedirection, of the magnetic needle, NS, 
ntiakcs with the geographical meridian, isby some 
called the declination of the place, and by others, 
and more especially by mariners, the vanation. In 
other words,as the magnetic needle does not ej^actly 
point to the earth’s north pole, the declination is the 
difference between this direction and the true north. 

Sometimes the north pole of the needle is to the 
west of the meridian, and sometimes it is to the 

■east. , In the former case the declination is said to fIr. 433. 
be westerly^ and in the latter case easterly. 

, 'I'he declination of the magnetic needle, which varies ip different 
places, is at present westerly in Europe and in Africa, but easterly 
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in Asia and in North and South America. It shows, further, con¬ 
siderable variations from year to year even in one and the same 
place. 

Thus, at London the needle showed in 1580 an easterly declina¬ 
tion of 11° 36'; in 1663 it pointed due north and south ; Lorn that 
time the red end g-radually tended towards the west, reachinij the 
maximum declination of 24® 41' in 1818 ; since then it has steadily 
diminished at an average rate of 7 minutes a year ; it was 32® 30' 
in 1850, and is now (1900) 16° 28' W. 

At Yarmouth and Dover the variation is al)out 40' less than at 
London ; at Hull and Southampton about 20' greater ; at Newca<'rle 
and Swansea about i® 15', and at Liverpool 1® 30'; at Edinburgh 
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3° 5', and at Glasgow and Dublin about 2® 25^ greater than at 
London. 

Isogonic lines are ^ines connecting those places on the earth’s 
'surface in which the declination is the same. Maps on which such 
isogonic lines are depicted are called declination or variation 
maps ; and a comparison of these in various years is well fitted to 
show the change which this magnetic element undergoes. The 
opposite plate represents a map in Mercator’s projection giving 
these lines for the year 1882. It will be seen that the surfece of- 
the globe is divided by these lines into two regions : one, the smaller, 
in which the variation is westerly, as indicated by the continuous . 
lines ; the other in which the variation is easterly, as indicated by 
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the dotted lines. The thick lines are called agonic lines^ i.e. lines 
of no declination. They separate regions of easterly from regions 
of westerly declination. Such charts are useful to the mariner as 
not only giving him the declination in any place, but also as show¬ 
ing him»those regions on the globe where the declination changes 
most rapidly. Of tliese the most remarkable are the coast of 
Newfoundland, the (liilf of St. Lawrence, the seaboard of North 
America, and the English Channel and its approaches. 

Ilesides these clianges which proceed from 3'efir to year, and 
which arc called .yo7//w'the declination of the magnetic 
needle undergoes accidental variations known as perturbations or 
magnetii storms ; these arc manifested during the appearance of the 
aurora borealis, 'fhe effect of the aurora is felt at great distances. 
Auroras which arc onlj' visible in the north of Eiiroiic act on the 
needle even in the latitude of England. In polar regions the needle 
frequently oscillates seA eral degretls ; its irregularity on the day 
before the aurora borealis is a forecast of the occurrence of this 


phenomenon. 

421. Mariner’s compass.— The mo'.» important a])plication of 
• the magnetic action of the earth is in marinef scompass. This 

is a de('lination com¬ 


pass used in guiding 
the course of a ship. 
Fig. 434 represents a* 
view of the whole, 
and fig. 435 a vertical 
section. It consists 



of a cylindrical case, HIV, which, to keep the conqiass in a hori¬ 
zontal position in .spite of the rolling of the vessel, is supported on 
gimbals. These are two concentric rings, one of which, attached ; 
io the case itself, move.s about the axis, .17/, which plays in the outer 
ring, AIj, and this moves in the .supports, I’Q, about the axis, ///«, 
at right angles to the first. • 

In the bottom of the box is a pivot, on which is placed, by 
means of an agate cap, a thin magnetic strip, which is the 
needle of the compass. On this is fixed a disc of mica, O, a little 
larger than the length of the needle, on which is traced a star 
.. with.thirty-two branches, marking the eight points of the com¬ 
pass, their halves and quarters. The br.inch ending in a small 
star, and called N, corresponds to tlic bar ab., which is underneath 
the disc. 



5 o6 On Magnetism [421- 

The compass is placed near the stern of the vessel in the 
binnacle. Knowing’’ the direction of the compass in which the ship 
is to be steered, the pilot has the rudder turned till the direction 
coincides with the sight-vane passing through a line d marked on 
the inside of the box, and parallel with the keel of the vessel. 

C 422. Prismatic compass.—The prismatic compass is used in 
surveying ; it differs from the mariner’s compass mainly in its 
dimensions, and in the way in which observations are made. It 

consists of a shallow metal box about 
2^ inches m diameter (fig. 436) ; the 
needle, >^hich is fixed below the 
compass card, plays on a pivot. A 
metal frame, across which is stretched 
a horsehair, forms a sight-vane. 
Exactly opposite this is a right- 
a.igled or totally reflecting prism 
(359)1 enclosed in a metal case 
with an eyehole and a slit as repre- 
.sented at the side. 

In order to make an observation 
the compass is held horizontally, and 
so that the slit in the prism, the hair of the sight-vane, and 
the distant object are seen to be in the same line ; looking 
through the eyehole, the angle which the needle makes is then 
noted ; a similar observation is made with another object, and 
thus the angle between them is given. 'I'he sight-vane is connected 
with a lever, and can be turned down, when it presses the magnet 
on the pivot, thus keeping it rigid, so that the compass can be 
transported in any position. 

One face of the prism is convex, and as the image is seen 
through this face dt the prism it is magnified, and as it is seen by 
leflection it is reversed, so that in order to read the figures 
correctly they must be reversed on the card. 

423. Inclination compass.—When a steel needle supported on 
a vertical pivot, as represented in fig. 431, has been so accurately 
balanced that it is quite horizontal before magnetisation^ it is 
noticed that when it is magnetised it ceases to retain its horizon¬ 
tal position, and the north pole dips downwards. 

In order to observe this phenomenon, the mode of suspension 
is modified, and the needle is provided with a cylindrical steel axle 
^ passing through its centre and perpendicular to its plane, so that it 
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can move in a vertical plane, as represented in fig^. 437. The 
angle it forms is read off on the divided circle. 

Thus,arranged, the apparatus is called the inclination compass 
or dipping needle^ and the angle which the needle makes with the 
horizon when it is placed so that its plane of 
oscillation is the nifignctic meridian is called 
the hiagnetic inclination or dip. 

.Seeing that a magnetic needle, free to 
move in any direction, places itself along 
thchnes of force, it follows that a dip needle, 
since it is free to move in the plane of the 
magnetic meridian^ gives us the direction of 
the lines of force in the field due to the earth’s 
magnetism. 

'I'he angle of the clip, like that of the 
declination, differs in different localikics. It 
is greatest in the [lolar regions, and decreases 
with the latitude towards the equator, where 
there is a scries of places at which it is zero 
. —that is, at which the needle is horizontal. 

The line joining these places is called the 
terrestrial equator, In London at the present time (1900) 
the dip is 67" 10', reckoning fiom the horizontal line. In the 
southern hemisphere the inclination is again seen, hut in a con¬ 
trary direction—that is, the south pole of the needle dips below 
the horizontal line. 

'I'he terrestrial magnetic poles arc those places in which the 
dipping needle stanils vertical -that is, where the inclination is 90° 
In 1830 the first of these, the terrestrial north pole, was found by 
Sir James Ross in 96^ 43' west longitude and 70° north latitude. 
The same observer found in the South Sea, in 7O'’ south Latitude 
and 168° cast longitude, that the inclination was 88“^ 37'. From 
this and other observations it has been calculated that the position 
of the magnetic south pole w'as at that time in about 154“ east 
longitude and 75.) south latitude. 

• Lines coimecting places on the earth's surface at which the 
dipping needle makes equal angles arc called isoclink lines. They 
have a certain analogy and parallelism with the parallels of latitude 
(42), and the term magnetic latitude i.s sometimes used to denote 
positions on the earth with reference to tl.e magnetic equator. 
The plate facing this page is an inclination map for the year 1882, 
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the construction of which is quite analogous to that of the map of 
declination. 

The inclination is subject to secular variations, like the declina¬ 
tion. At Paris, in 1671, the inclination was 75 ; since then it 
has been continually decreasing, and in 1859 was 66° 14'. In 
London, also, the dip has continually diminished since 1720 by 
about 2-6' per annum, in 1821 it was 70° 3' ; in 1838, 69° 17'’ ; 
in 1854 it was 68° 31' ; in 1859 it was 68° 21'; it is now (1900) 
67° 10'. It is also subject to slight annual and diurnal variations ; 
being, according to Hansteen, about 15' greater in sinnincrthan in 
ninter, and 4' or 5' greater before noon than after. 

^ 424. Horizontal force. —The force of the earth’s magnetism on 

a compass-needle varies at different parts of the earth’s surface, 
being greatest in the neighbourhood of the equator, and diminish¬ 
ing down to zero at the north and south poles. For example, the 
horizontal force of the earth’s magnetism is twice as great at 
llombay as at Portsmouth. As the force of gra\ity at any place 
is measured by the oscillations of a pendulum, so, m hk(’ manner, 
the oscillations of a magmetii' needle afford a measure of the earth’s 
force on a compass needle at any jilace. The force \'aries as tlie 
scpiare of the number of osnllations in a gi\ en lime. 

The uuii:^nctict'h'uu'nis at any place aie the decimaliun, the dip, 
and the force. 
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CHATTKR III 

HODS o]<' 

425. Magnetisation by the influence of the earth.—To 

nuionctisi' a siihstanr c is lo impart to it the* properties of a 
niaj^ncl, that is, of aUra(.Lini; partidcs of iron, and of tiirninj* 
towards the north when suitably suspended. M.iynelisation can 
be pioduced by the influent e of the ejirth, by rubbing ^Yith a ma}>net, 
or by means of elcctrit ily. 'I'lie best matei ial for permanent maj;nets 
is steel. Tliere is considerable dilfeicnee in different specimens 
of iron and steel as regards thcii power of acceptiii}; and retaininj> 
mai^netisation. 

The magnetic field of the earth is ])o\verful enough to act as a 
source of magnetisation. I'his may be illustiated by taking a rod 
of wrought iron and ])lacing^ it in the magnetic meridian so that it 
makes an angle with the hori/.onta] equal to the angle of dip. In 
this position tlic rod is parallel to the eaith’s lines of force and is 
magnetised by induction, the lower end becoming a red or north 
]>ole, and the upper a blue or south ])oIe. Yet this magnetisation 
is not ])ermanent, for, if the rod be lurneil u])side down, the 
poles are inverted, since [jure soft iron is destitute of coeicivc force 
(417). But if, while the lod is in the above position, it be hammered 
( r twisted, the hammering or the twisting imparts to it a certain 
amount of coercive force, and it rettaiiis foi some time the 
magnetisation thus evoked. If several tliin rods thus magnetised 
arc united so that poles of the same name are together, a tolerably 
powerful magnet is obtained. Steel is similarly magnetised by the 
earth’s field, but lo a much less extent. 

It IS this magnetising action of the c.irih which develops the 
magnetism frequently observed in steel and iron objects, such as 
fire-irons, gas and water pipes, railings, gales, lightning conductors, 
stove-pipes, lamp-posts, etc., which remain for some time in a more 
or less inclined position. They become magnetised with the north 
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pole downwards, just as if placed over the south pole of a power¬ 
ful magnet. The magnetism of native oxide of iron (magnetic 
iron ore) has doubtless been produced by the same causes ; the 
very different magnetic power of different specimens being partly 
attributable to the different positions of the veins of ore with 
regard to the line of dip. The ordinary irons of commerce are 
not ciuite pure, and possess a feeble coercive force; hence a feeble 
magnetic: polarity is generally found to be possessed by the tools 
in a smith’s shop, such more especially as cold chisels. Cast 
iron, too, has usually a great coercive force and can be permanently 
magnetised. 

The Uirning^s, also, of wrought iron and of steel produced by the 
powerful lathes of our workshops, aie found to be magnetised. 
So, too, are rifles which have been stacked in a \ertical ixisition. 

Magnetisation by In magnetising bar mag-nets, and 

especially magnetic needles, ithc method generally adoi)tcd is to 
rub them with powerful magnets. We will describe two methods, 
that oi single and that of separate touch. 

Single touch.- -The bar to be magnetised is placed on the table 
-"With the end whi' li is to be red placed towards the north, and is 



rubbed with the north or red pole of a strong magnet from north 
towards south (fig. 438), or, wh2it comes to the same thing, with the 
south pole of the mjignet from south to north, the operation being 
repeated two or three times. As the north pole moves over 
the ban the molecular magnets are twisted round and their south 
poles follow the retreating north pole of the magnetising magnet. 
Thus the end of the bar where the rubbing^ ceases is of op[)ositc 
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polarity to that of the rubbing pole. This method is only used for 
small magnets. 

Separate touch .—Two equally strong magnets are required. 
They are held (fig. 439) with opposite poles near the centre of the 
bar to tye magnetised and separated., that is, moved in opposite 
directions to the ends of the bar, then replaced at the centre, and 
the operation repeated a few times, each magnet rubbing only in 
one direction. The bar is then turned over and the rubbing 
repeated on the other side. This is a more powerful method than 
that of single touch, and is that employed when a dip needle has 
to be magnetised. 

Magnetisation by means of electric currents (537) is the most 



jiowerful means of imparting magnetic pioj>erlic&, and is the one 
generally used for large magnets, whether bar or horsesho<‘. 
Whatever be the mode of magnetising, there is for each particular 
magnet a maximum of magnetisation which cannot be exceeded. 
When this is attained the magnet is said to b(‘ saturated. 

426. Magnetic batteries. Armatures. Magnetic battery., or 
mayazinc^ is the name given to a system of bars joined with their 
Similar poles together. Sometimes the bars arc straight and 
sometines they are curved, as shown in fig. 440, which represents 
a horseshoe battery. Very powerful compound magnets are now 
made by separately magnetising a numbei of thin steel plates and 
then riveting them together. The lifting power of such a system 
is not quite equal to that of the sum of the lifting powers of all the 
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separate magnets, for each magnet, acting inductively on the adja¬ 
cent one, tends to weaken it ; but it is considerably greater 
than tliat of a solid magnet of the same weight. 

Magnets, whethe’-natural or artificial, 
arc liable to become weakened unless 
provided with armalun s. Theseare pieces 
of soft iron which are placetl in contact 
with the poles, such as the piece ab in 
fig. 440. The two ])oles of the magnet, 
A and B, produce by induction opposite 
poles at b and ft, and these tend to n .in- 
lain the inagnetisin of the horseshoe. 
'I'hc piete ab is also called the keeper \ to 
it is suspended the weight which the 
niagnet is intended to support. When 
the Ifceper is attached a eloi,ed magnet is 
fornu-d, which has comparatively little 
e.xiernal polar action, since the lines of 
foi ce from A to B pass almost exclu¬ 
sively through the keeper. 

This suggests a method of determin¬ 
ing the .strength of horseshoe magnets. 
If a scale pan be attached to the keeper, 
and weights be gradually added, the 
keeper will ultimately become detached ; 
the greatest \vcight which such a magnet 
will just sLipjiort measures what is called 
itsor portative fanc. Magnets 
are constructed which will support fre.n 
15 to 25 times their own weight. 

Ordinary compass needles, such as 
arc used m sur\ eying, arc not provided with a keeper. When 
^ not in use they should be left uiiclampcd. Being then free to 
oscillate, they set in the magnetic meridian, and the earth's 
magnetism thus acts in a sense as a kcejicr. 

427. Comparison of mag^netic moments.—"J lie moments (418) 
of two bar magnets may be compared by balancing the deflections 
of a magnetic needle which they separately produce. (.)ne of the 
magnets is placed at right angles to the magnetic meridian at 
some distance from the needle and so that the prolongation of the 
axis of the bar magnet passes through the centre of the needle, 
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which of course is deflected. The second magnet is now placed 
in a similar position on the other side of the needle, similar poles 
. facing ea.ch other. The position of the second magnet may be 
adjusfed so that there is no deflection of the needle. The action 
of each i/iaj^nct on the needle is then the same, and under these 
circumstances the moments of the two magnets are directly as the 
cubes*ni their distances (i.e. the distances of their centres) from the 
needle. Thus, if these distances arc 20 and 21 inches, the moments 
are as 8,000 to 9.261, or the motnent of the second magnet is fi6 
times that of the first. 

428. Magnetism of iron ships. I’he inductive action of 
terrestrial magnetism upon the masses of iron ahvays found in 
‘ships exerts a disturbing action upon the comjiass needle. The 
deviation of the compass due to this cause may be so-* con¬ 
siderable as to render the indications of the needle almost useless 
if it be not ^uaided ai^ainst. A fuy account of the manner in 
w'hich deviation is produced, and of the means by which it is 
compensated, is inconsistent with the. iiniits of this book, but the 
most imjjortant points arc the following .—■ 

. i. A \crtical mass of soft iron in the \esse!, .say m the bow's, 
would ber ome magnetised under the influence of the earth ; in the 
northern hemisphere, the lower end would be a north j)ole, and 
the iij)])cr end a south jiole ; and as the latter may be assumed to 
be nearer the compass needle, it would act upon it. So long as 
' the vessel was sailing in the magnetic meridian this would have no 
effect ; but in any titlicr direction the needle wouhl be drawn out 
of the magnetic meridian ; and a little consideration will show 
that when the ship was at right angles to the magnetic meridian 
the effect w^ould be greatest. I’liis error, due to verticalindtiction^ 
would disappear twice in sv''iiiging the shij) round, and would Ijc at 
its maximum twice ; hence the deviation due to this cause is known 
as seiniiircnlar deviation. 

ii. Horizontal masses, again, such as deck-beam'-', are also acted 
upon inductively by the earth’s magnetism, and their induced 
magnetism e.xerls a disturbing influent e upon the.' magnetic needle. 
ITjfe elfect of this horizontal induction will disappear when the ship 
is in the magnetl'- meridian, and also when it is at right angles 
thereto. In ))ositions intermediate to the above the disturbing 
influence will attain its maximum. Hence in swinging a ship 
round there would be four positions of the ship s heavl in which the 
’influence would be at a maximum, and four in which it would be 
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at a minimum. I'lie effect of horizontal induction is accordingly 
spoken of as qutulrajital deviation. 

iii. Heeling error. —The effect of iron beams on a compass, 
,whcn a vessel heels over under the influence of wind or sea, is to 
cause a dc\'iation pioportional to the amount of heeling. ^ 

T'he nia\imum de\ iation due to heel is when the ship’s Itead is 
north or south by the compass, and it vanishes when the ship’s head 
is east or west. 

IV. In the process of building an iron ship the haimnering anil 
other mechanical operations will cause it to become to a certain 
e.vlent magnetised. 7 'hc distribution and the axis of magr tism 
depend on the position in which the ship has been built. This 
magnetism is mostly fugitive, and disappears to a great extent after' 
a ship has been at sea some while, the buffeting of the waves 
assisting in its dispersion ; this may be called subpernlanent., while 
there remains ii part called Permanent magnetism, which gives rise 
to seiniiircular deviation. 

The influence of these various causes may be ascertained by 
the process of ‘swinging ship.’ This consists in comparing the 
indications of the .ship’s compass with those of a standard compass 
on shore. The ship is hauled round with lier head to the various 
points of the compass, and the readings of the compass in various 
positions are com])arcd. 

From this comparison a tabic of is compilc<l showing 

the reading of the ship’s compass for every point of the true com¬ 
pass. One school of nav'igators tontent themselves with steering 
by the use of this table ; others jirefcr to correct their coin])ass by 
compensating the action of the iron of their vessel by magnets and 
masses of soft iron in the manner now briefly described. 

The seniicircuiar deviation., which is chiefly caused by the jier- 
nianent magnetism, is corrected by magnets placed in the binnacle 
fore and aft and trr.nsverscly. 

The quadranfal deviation caused by the iron beams is corrected 
by liollow cast-iron globes placed on a level with the compass 
needle. 

The heeling error is corrected by a magnet placed in a vertical 
position in the centre of the binnacle. 
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HOOK VIII 


KLECTKICTTV 


CHAJn’KR I 

l-UNDAMKNTAf, I’KINCII’LKS 

• 

42'). Electricity.—Electricity IS ;i powerful physical agent whjch 
4i.iy,nlfcsts itself mainly by attractions and repulsions, but also bj 
luminous and heating effects, by \ iolent shocks, by chemical dccom- 
^iOsition, and many other phenomena. Unlike gravity, it is not 
always in evidence, but is evoked in bodies by a variety of causes, 
among which are friction, pressure, chemu'al action, heat, and 
magnetism. 

'rhale->, 600 l!.c., kndw that when amber w.is rubbed with silk it 
.acquired the property of attracting light bodies, such as feathers, 
pieces of straw, etc., and from the (iieek name of this substance 
(//Afttrpov, ch'thvn) the term clatridfy has been derived. Six 
centuries afterwards, IMiny wrote of amber, ‘When the friction of 
the fingers has imparted to it heat and life, it attracts jtieres of 
straw as a magnet attracts particles of iron.’ 'I'his is nearly all the 
knowlctlge left from ancient times ; it was not until almost the 
end of the sixteenth century that ])r. Gilbert, physician to Queen 
Elizabeth, called attention to this property of amber, and showed 
that it was not limited to amber, but that other bodies, such as 
sulphur, wax, glass, etc., also acquired the property of attracting 
light bodies when they were rubbed or struck with flannel or with 
catskin. 

To make this experiment, a glass rod, or a stick of scaling-wa-x 
or shellac, is held in the hand, and rubbed with a piece of flannel, 
or with the skin of a cat; it is then found that the parts rubbed hav'e 
the property of attracting light bodies, such as pieces of silk, wool, 

L L 2 
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feathers, paper, bran, ^old leaf, etc., which, after remaining a short 
time in contact, are again repelled (fig. 441). Not only have the 
substances thii.s rubbed the property of attracting light particles, 
but they also bcLOine luminous in the dark ; they give sparki, and 
present a number of phenomena, the cause of whii-b is described 
under the general term clctlriiify^ which was first introduced by 
Chlbcrt. 

For iiisliince, if a rod of glass be warmed, and rubbed in a dark 

room with a warm silk 
handkerchief, a crack¬ 
ling noise w ill be hcaid 
and sparks seen as the 
silk passes over the 
glass. If the glass be 
held near the face, a 
turious tickling sensa¬ 
tion is produced, due 
to the hairs of the 
face and head being 
attracted by tJie elec-, 
trifiecl rod. If some meicury is sealed in an exhausted glass lube, 
a pale luminosity is seen to follow the mercury when it is shaken in 
the tube. 

However slow may have been the presgress of the science of 
electricity in ancient times and in the middle ages, its progress 
dui'ing the eighlccnlh and nineteenth ccntuiies has been extremely 
rai)id. In the last seventy or eighty years more cispecially the new 
facts discox ered ha\c been so numerous and remarkable, and their 
applicalions so curious and important, that electricity has been 
compared to a kind'of fairy of whom it was only necessary Icj ask 
miracles to have them realised. 

430. Electroscopes. Electric pendulum. Proof plane. —Inordcr 
to ascertain whether bodies are electrified or not, instruments 
called electroscopes are used. The simplest of these, the electric 
pendulum (fig. 442), consists of a small pith ball attached by means 
of a silk fibre to a brass rod resting on a glass support. To find 
whether a body is electrified or not, it need only be presented icj an 
electric pendulum ; in the first case there is attraction, while in 
the second case there is not. Yet the electric pendulum' is not 
xery sensitive and would not be affected by a body only feebly 
charged with electricity. More complicated and more delicate 
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apparatus must then be liad recourse to, which will he described 
afterwards (438). 

Tlie electrification produteilon abody by friction—for instance, 
that excited on a rod of shellac by rubbing it w'ith fiiinnel- resides on 
the -surfitre of the ])art which has been rubbed and may be trans¬ 
ferred to the surface of anotlier body. A proofp>lane is a convenient 
means of doing this. It consists of a disc of gilt paper, or thin 
ineial, fastened to the end of a thin shellac or ebonite rod. If a 



proof plane be allowed to touch an excited rod of shellac and be 
then brought near to the electric pendulum, the pith ball behaves 
exactly .as it did when the shcdlsic was approached, only the action 
is not so powerful. 

431. Distinction of the two kinds of electricity. If electricity be 
developed on .a glas.s rod by friction with silk, and the rod be brought 
near an electric pendulum (fig. 442), the ball will be .attracted to* 
. the glass, and after momentary contact will be repelled (fig. 443 )* 
f Ily this coiitai t the ball becomes electrified, and so long as the two 

( bodies retain their electricity repulsion follow s when theyare brought 
near e.ach other. If a stick of sealing-wax, electrified by friction 
w ith flannel or fur, be .approached to another electric pendulum, 
the s.ame eflects will be produced : the ball ^rill fly towards the 
w’ax', and after cont.act w'ill be repelled. I'wo bodies w'hich have 
been charged with the same electricity repel each other. But the 
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electricities respectively developed in the preceding cases are not 
the same. If, after the pith ball has been touched with an electrified 
glass rod, an electrified stick of sealing-wax and an electrified. ; 
glass rod be alternately approached to it. the pith ball will be 
atUuicied l)y the former and repelled by the latter. Similarly, if 
tlie pendulum be charged by contact with electrified sealing-wax, 
it will be repelled when this is approached to it, \mlatfractedhy the 
approach of the electrically excited glass rod. 

This distinction may be conveniently shown by means of two 
discs, one of glass, fixed to an insulated handle of glass, and the 
other of wood covered with a padding of silk (fig. 444) similarly 

insulated; if these 
arc rubbed together, 
and then presented 
separately to an elec¬ 
trified pith ball, the 
hall will be attracted 
by the one disc 
and repelled by the 
other. 

On experiments of this nature, Dufay first made thi^ observation 
that there are two different electricities ; the one developed on 
glass by rubbing it with silk, the other on shellac by friction with 
flannel. 

^0^32. Hypothesis of two electricities. —The most con^'enient of 
various hypotheses which have been made to account for 
electrical phenomena is that of S ymm er, an English physicist. 

He assumes that^very body contains an indefinite quantity of 
a subtile imponderable matter, which is called the electric fluid.; 
;This fluid is formea by the union of two fluids—the positive and 
the negative. When they are combined they neutralise each other, 
and the body is then in the natural or neutral state. By friction, 

' by chemical action, and by several other means, this neutral fluid 
may be decomposed and the two fluids separated ; but one of 
them can never be excited without a simultaneous and equal 
excitation of the other. When two substances are rubbed 
together the electric fluid of each is decomposed. The positive 
fluid of the first goes over to the second and the negative.of the 
second to the first, the result being that the fi’ st becomes negatively 
electrified and the second positively. The two electricities were 
formerly called the terms positive and 
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mgative^ first used by Franklin, are now more generally employed. 
This distinction is merely conventional ; ii is adopted for the sake 
xiof convenience, and there is no other reason why resinous electri¬ 
city should not be called positive electricity. 

tj? Electricities of the same kind repel each other, and electricities J 
of ojjposite kinds attract each other. The electricities can* 
circulate freely on the surface of certain bodies, which are called 
conductors^ but remain confined to certain parts of others, which! 
are called non-conductors (434). 

433. Electric attraction and repulsion.— Adopting this two-fluid 
theory, the qualitative and (|uantitative laws of electric attraction 

, rind i e[)ulsion may be staled as follows : — 

I. Two bodies chari^cd with the same electricity repel each' 
other\ two bodies diarized with oppodte electricities attract each, 
other. 

II. The repulsion or attraction*between two small electrified_ 
bodies is in thepyuersej^atio of the square of the distance between 1 
them. iSt' is to'say, that if two bodies be charged to a certain 
e.vtent with electricity, they will attract or repel e:u.h other with 

' a certain force according as the electricities are different or 
arc the same; and if the distance between them be increased 
to twice or thrice the original amount, the force, whether of 
attraction or repulsion, will be one-fourth or one-ninth of what it 
was originally. 

III. The distance remaining the samCy the force of attraction or 
repulsion between two electrified bodies is directly as the product oj 
the quantities of electricity with which they at'c charged, 'riiiis, if 
the quantity of electricity with which a body is charged be twice 
or thrice its original amount, it will have twice or three times the 
attracti\’c or repulsive force. 

The first of these laws follows from the experiment described 
above (431); the truth of the second and third laws was experi¬ 
mentally established by Coulomb. 

434. Conductors and non-conductors.— When a glass rod, 
rubbed at one end, is brought near fmjElectrosco})c, that part only 
will be found to be electrified which has been rubbed; the other 
end will produce neither attraction nor repulsion. The same is the 
case.with a rod of shellac or of seal ing-wax. In these bodies elec¬ 
tricity does not passlfom one part to another—^they do not conduct 
electricity. Experiment show's that w'hen a metal has received 
electricity in any of its parts, the electricity instantly spreads 
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throughout its entire surface. l\^eta|s are hence said to be good 
conductors of electricity. 

Bodies have, accordingly, been divided into conduct ors'sci\f\ non::^^ 
conductors. This distinction is not absolute, and we may advan¬ 
tageously consider all bodies as offering a certain resistance to the 
passage of electricity which varies with the naliireof the substance, 
t Those bodies which offer little resistan ce are conductors, and those 0 
which offer great resistance are iion-conductors ; elec-( 

trie iondtictivity is thus the inverse of electric resistance. Wc 
are to consider that between conductors and non-conductors there 
is a quantitative and not a qualitative difference ; there is no con¬ 
ductor so good but that it offers some resistance to the ])assa' e of 
electricity, nor is there any substance which insulates so completely 
but that it allows some electricity to pass. The transmission from 
conductors to non-conductors is gradual, and no sharp line of 
dcipai'cation can be drawn betw'een them. 

In this sense we must understand the following table, in which 
bodies are classed as tondiictors., .semi-conductors, and non-con¬ 
ductors ; those bodies being conveniently designated as conductors 
wiiich, being held in the hand and applied to an electroscope 
charged with either kind of elect) icily, discharge it almost instan¬ 
taneously ; semi-conductors being those wdiich discharge it in a 
short but measurable time -a few seconds, for instance ; while 
non-conducloi's effect no perceptible discharge, even in the course 
of a minute. 


Conductors 

Semi- conductors 

Metals. 

Alcohol and ethei'. 

Graphite. 

Powdered glass. 

Acids. 

Di'y wood. 

Water. 


.Snow. 


A'cgetablcs. 


Animals. 



Non-conductors 

Dry oxides. 

Air and dry gases. 

Dry papei'. 

.Silk. 

Diamond and pi-ecious stones. 
India-rubber. 

(dass. 

.Sulphur. 

Resins. 


435 . Insulating bodies. Electrification of conductors. — Had 

conductoi s are called insu/atori, for they are used as supports for 
bodies on which electricity is to be letained. A conductor 
i-emains electrified only so long as it is surrounded by insulators. 
Jf this were not the case, as soon as the electrified body came in 
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contact with the earth, which is .a good conductor, the electricity 
would pass into the earth. A body is i nsulate d by being placed 
support with glass feet, or on a cake of resin or gutta-percha, 
oT^by being suspended by silk threads. No bodies, however, 
insulate»perfectly ; all electrified bodies lose their electricity more 
or less rapidly by means of the supports on which they rest. 
Glass is in itself a very perfect insulator, but it is 
always somewhat hygroscopic, and the aqueous vapour 
which condenses on it affords a passage for the elec¬ 
tricity : the insulating power of glass is materially 
improved by coating it with shellac or copal varnish. 

Dry air is a good insulator ; but, when the air con¬ 
tains moisture, this condenses on the supports of the 
electrified body and conducts electricity, and this 
appears to be the i)rincipal source of the loss of 
electricity. ^ ^ 

When it is ref|iiired to insulate a wire, for ex¬ 
ample, such an insulator as that of Mascart (fig. 445) 
is useful. 'I'o the glass rod is fused a glass vessel in 
•which is idaced strong^ sulphuric acid, a highly h5’groscopic sub¬ 
stance. This keeps the lower end of the lod dry, and to this is 
affi-xed the wire. 

It is owing to their great conductixity that metals do not 
become electrified by ffiction when held in the hand. Ikit if they 
are insulated, :ind then rubbed, they give good indications. This 
may be seen by the following experiment A brass tube is pro¬ 
vided with a glass handle (fig. 446) by which it is held, and it is 



B'ifi. 44 ( 3 . 


then rubbed with dry silk or flannel. On approaching the metal 
to the electrical pendulum (fig. 442), the pith ball w ill be attracted, 
If the metal is held in the hand, electricity is indeed produced by 
friction, but it immediately passes through the body into the 
ground. 

'I he experiment may also be conveniently made with the in¬ 
sulated brass sphere represented in fig. 449. If this is held by the 
stem, and the sphere is flapped with a dry silk handkerchief, it 
becomes strongly electrified. 

This may further be illustrated by the following instructive 



522 Frictional Electricity [486- 

experiment :—h glass cylinder containing mercury, M, insulated 
by resting on a slab of paraffine, P, fig. 447, is in metallic connection 
with an electroscope, E (438). A dry glass rod being slowly- 
immersed the leaves do not diverge ; but they do so as the rod is 
withdrawn, and the divergence increases until the rod is completely 

removed. The electrifi¬ 
cation of the mercury is 
imparted to the electro¬ 
scope by the conductor; 
on bringing the rod near 
the electroscope the leaves 
collapse again, an' the 
same result ensues if the 
rod is placed in the mer¬ 
cury. This experiment 
shows thus that a liquid 
metal may be electrified 
by friction, and that the 
electrification on the glass 
is equal and (.»pposite to 
that in the mercury. 

Electrification by con¬ 
tact IS also due to 
conductivity; for when 
an insulated unelectrified 
conductor is made to touch a charged conductor, a portion of the 
charge on the Latter passes at once to the former. If the two 
bodies have the same area and the same shape, two brass spheres 
of the same diameter, for instance, the electricity is equally dis¬ 
tributed on the two ; but if the bodies differ in shape or area the 
electricity is unequally distributed. 

I 436 . Law of the development of electricity by friction.— 

Whenes er two bodies arc rubbed together, the two electricities are 
developed at the same time and in ecpial quantities—one body 
takes the positive, and the other negative electricity. 7 'his may 
be best proved by the following simple experiment devised by 
Faraday :—A small flannel cap provided with a silk thread is fitted 
on the end of a stout rod of sealing-wax (fig. 447), and rubbed 
round a few times. When the cap is removed by means of the 
silk thread, and presented to a pith-ball pendulum charged with 
positive electricity, the latter will be repelled, proving thfit the 
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flannel is charged with positive electricity ; while, the shellac is 
presented to the pith ball, it will be attracted, showing that the 
^cllac is charged with negati\’e electricity. Both electricities are 
present in equal quantities ; for if the 
rod be •presented to the electroscope 
before removing the cap, no action is 
observed. The same result is shown by 
the glass and silk discs described abo^■e 

{ 430 - 

The kind of electricity developed on 
any particular body by fiiction depends 
, on that by which it is rubbed. Thus, 
glass becomes negatively electrified when 
rubbed with catskin, but positively when rubbed with silk. So, 
too, sulphur when rubbed with the hand becomes negatively 
electrified, but rubbed with gun-cotton it is positi\ely electrified. 
In the folla\\ing list the substances are arranged in such an order 
that each becomes positively electrified when rubbed with any of 
the bodies following, but negalixely when rubbed with any of those 
' which precede it ;— 

1. (kitskin. 5. The hand. 9. Resin. 

2. I'lannel. 6. Wood. lo. Sulphur. 

3. ( 31 ass. , 7. Metals. ii. (iutta-percha. 

4. .Silk. 8. India-rubber. 12. (iun-cotton. 

A strip of pyroxilinc or gun pajjer when drawn through the 
fingers is an admirable means of producing negative electricity. 

437. Distribution of electricity on the surface of bodies. —When 
a body is electrified, all the electricity goes to the surface, nhere i^ 
is accumulated as an extremely thin layer, tending constantly to 
escape, and flying off, in short, when it is not retained by any 
obstacle. This may be demonstrated by the following exj)enment, 
which is due to j 3 iot. 

A brass globe, fixed to an insulating; support, is provided 
with txvo brass hemispherical envelopes which fit closely, and can 
b*e separated by glass handles. The sphere is electrified, and 
the two hemispheres are brought in contact with each other and 
with. the sphere. On rapidly removing them (fig. 449), the 
coverings will be found to be electrified, while the sphere is in its 
natural condition, and indicates no electricity. Thus in removing, 
so to say, the surface of a body, all the free electricity it contained 




524 Frictional Electricity [ 487 - 

is also removed, which shows clearly that the electricity is on the 
surface. That electricity resides solely on the surface is further 
proved by the fact that two metal spheres of tlie same 'diajnetpjsy 
but one of them solid and the other hollow, become equally charged 
when, one hax ing been given a charge from some source,' the two 
are brought into contact and then separated. 'I’his is proved by 
placing them successively at the s?ime distance from a gold-leaf 
electroscope (*J3*H). It is thus founil that each lirocluces the same 
amount of divergence in the leaves, showing that it is not the mass 
but the extent of surface which determines the (,harge that a con¬ 
ductor can accjuire. Coulomb made this experiment with a brass 
sphere and a wooden one of the same diameter covered w ith gold 
leaf. 



Iml;. 4^9. 

The same point may also be illustrated by means of the follow¬ 
ing apparatus (fig. 450). Two tinplate rings, c, about eight to ten 
inches in diameter, are connected together by four thin vertical 
tinplate bands, c, //, and by twenty-four vertical wires ; 

with the exception of two, the latter are not shown, so that the 
interior of the apparatus may be seen. To each of the vertical 
bands a strip of paper is fastened both inside and out, and a 
similar pair of strips is suspended to a cross bar. If this apparatus 
is insulated and connected with an electric machine at work, the 
outer paper strips are repelled, while those in the interior show no 
signs of electric repulsion. 

Franklin placed a long chain in a metal teapot, to the spout ot 
which were suspended two pith balls. The teapot was insulatefl 
and electrified. On drawing out the chain by a silk string he found 
that the divergence of the pith balls diminished, but was restored 
to its original amount when the chain was brought back. Here 
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there was no’alteration in the mass of metal concerned in the ex¬ 
periment, but the extent of surface was changed. 

This influence of the surface may be further illustrated by the 
e^fprrhnent represented in fig. 451. In the ebonite tube, R, a 
metal tube, is inserted, j)ro\ idcd with two paper strips. The 
open end of in is dipped in soap solution, and after being taken 
out it is charged with electricity so that the strips arc almost 
horizontal; by carefully working an india-rubber bellows, such as is 
used for a spray producer, a soap bubble is blown at the end of w, 
and as its volume increases the leaves fall together. On carefully 
detaching the tube from the ebonite, air passes out, the bubble 
contracts, and in the same degree the divergence of the leaves 
* increases. 


• \ 


I u. 4",o. I'li;. 451. 

(_)nc‘ of ilie most remarkable illustrations of the distnbniion ot 
clcctridty on the surface is that employed b)’ Faraday, who made 
a large cubical v\ ooden frame, 12 feet in the side, and covcied it 
with sheet lead, 't his conducting chamber was ]novldcd with 
door and window and was insulated from the ground. It could be 
connected with a powerful electric machine in full work. M 
went into the cube,’ said Faraday, ‘and lived in it, but though I 
used lighted candles, electrometers, and all other tests of electrical 
states, I could not find the least influence upon them, or indication 
of anything particular given by them, though nil the lime the out¬ 
side of the cube was powerfully charged, and large sparks and 
brushes were starling from every part of its outer surface. 
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438. j Gro ld-leaf electroscope. —The gold-leaf electroscope is a 
small but delicate apparatus for ascertaining whether a body is 
electrified, and, if so, with what kind of electricity it is charged. 
II consists of a tubulated glass shade (fig. 452), the neck of wbrCfi 
is closed by a cork. In this is fitted a brass rod terminating at 
the top in a knob, and at the bottom in two strips of gold leaf. 

The neck, the cork, and the 
upper part of the shade are 
coated with a thick layer of 
sealing-wax varnish, which 
is a solution of sealing-wax 
,in spirits of wine. The 
object of this coating is ‘ 
to improve the insulating 
qualities of the glass. Glass 
is, indeed, a bad conductor, 
but it is very hygroscopic 
(291)—that is, it readily 
attracts aqueous vapour 
from the air, and thus, 
becomes coated with a layer 
of moisture, which renders 
its surface a conductor 
(435)- When covered with varnish this evil is removed, for varnish, 
which for electric jnirposes is usually made of sealing-wax, is not 
hygroscopic. 

The air in the inside is dried by quicklime, or by chloride of 
calcium, or by pumice stone soaked in strong sulphuric acid, and 
on the inside of the shade there are two strips of tinfoil com¬ 
municating with the ground. 

When the knob is touched with a body charged with either kind 
of electricity, the leaves diverge. To ascertain w'hcther the charge 
is positive or negative we charge a shellac rod with negjitive 
‘electricity by rubbing it with flannel, and by means of a proof 
plane transfer some of the electrification to the cap of the electro¬ 
scope. If the divergence of the leaves increases we infer that the 
electroscope was charged with negative electricity. If the diver¬ 
gence diminishes the original charge was probably positive, but 
not certainly so. For confirmation we take a positive charge by 
means of the proof plane from a glass rod which has been rubbed 
with silk and communicate it to the electroscope, the leaves of which 
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will now diverge further, showing that the original charge was 
positive. 

The electroscope is, however, usually charged and the tests 
Tttadc'by induction. For the mode of doing this see paragraph 444. 

'I’he electroscope is sometimes used as a measuring instrument 
o]- e'cciromctcr^ the angle of divergence of the leaves being measured. 
This'is done by placing behind them a graduated scale. For very 
small charges, the angle of divcj-gence may be taken as proportional 
to the charge communicated to the instrument, but this propor¬ 
tionality no longer holds when they increase. 
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A convenient form of electroscope, and one which when con¬ 
structed on a smaller scale lends itself to projection by the magic 
lantern, is re])resented in fig. 453. It consists of a square sheet 
metal case, the front and back of w'hich are closed by glass and 
the sfdes by wire gau/.e. The metal rod, /, })rovided with a metal 
sphere and hook, passes through an insulator in the top, and to it 
IS attached a thin strip of aluminium foil. When the sphere is 










528 * , Frictional Electricity [488- 

electrified the foil is repelled, and the divergence can'be measured 
on a mica scale. 

C I • 

For small degrees the deflection is a measure of the quantity of 
electricity imparted to the sphere, and the instrument may thiJs 
serve as an electrometer. , 

439. Electric screens.—The property of electricity of residing 
on the surface is applied in electric screens. If it be desir6d to 

protect anything, such as a delicate gold-leaf 
electroscope, from accidental injury from a 
discharge, it is sufficient to enclose it by a 
cage of wire gauze (fig. 454). It is unaffected 
by even powerful discharges from an electric 
machine placed near it. This principle has * 
been applied in the protection of buildings 
from lightning discharges (485). 

440., Electric tension. —When accumu¬ 
lated on the surface of bodies, electricity 
tends to pass oft with an effort which is known as tension or electro¬ 
static pressure. This increases with the quantity of electricity. fSo 
long as it does not exceed a certain limit, it is balanced by the resist., 
ance presented by the small conducting power of air when it is dry. 
If the electrostatic pressure increases sufficienil)', this resistance 
is overcome, and the electricity .springs off to an .adjacent body 
with a sound, and in the form of a brigdit Mjiark. In moist air the 
tension is sm.ill, for the electricity pa.sses aw;iy almost as rapidly 
as it is pioduced, owing to the moisture condensing on tlie 
supports, which thus become good conductors of electricity. In 
very rarefied air, on the contrary, where there is little resistance, 
electricity ])asscs off, jiresenting the .appearance of a luminous 
glow. 

441. Influence of thd' shape of a body on the distribution of 
electricity. Electric density. Effect of points, -'riie manner in 
, which electricity is distributed on the surface of a body varies with 
its shape. If it is a sphere, the charge is everywhere the same, ;is 
might indeed be predicted, and which may be readily confirmed by 
means of the proofpUwe (43^)* l bis> is successively a|)plicd *lo 
different parts of the electrified body, and, .after each contact, is 
presented to an electroscope. If the body is a sphere the divergence 
of the leaves is in each case the same, which shows that the disc has 
taken the sanie charge of electricity from each part of the sphere, 
and therefore that the distribution of the electricity is uniform. 
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This is not the case if the electrified body is more or less 
elongated ; for instance, a kind of ovoid shape, as shown in fig. 
455. In this case the proof plane takes a greater charge the 
nearer It is applied to the elongated end, and at this end itself the 
charge rtmoved is greatest. This variation in the quantity of 
electric ity in various parts ii spoke.a cjf as ])eing due to vary¬ 
ing clh'tt'ic deusil)\ 
which is defined 
as the quantity of 
electricity on unit 
area. 

'I'lie electro¬ 
static pressure at 
any place (440) 
ran be shown to 
be proportional to 
the square of the 
electric density in 
that place, and 
"since the density is 
greatest at points, 
the electric pres¬ 
sure is also greatest there, and is sufficient to overcome the resist¬ 
ance of the air, and allPvv electricity to escape. It is, in fact 
*pl>served that nu-tal bodies provided with a point quickly lose 
their electricity, and if the hand be held ovei such a point, a sort 
of wind or draught is felt (455). If this takes place in darkness, a 
kind ol luminous hrush appears on the top of tlu‘ point, which is 
known as the brush discharge (fig. 478). 

'fhe action of flames on electrified bodies is like that of ordi- 
nar\ points, but is more complete ; flames are, in fact, veiy acute 
points. 'I'he readii'st and most effecitial method of depriving an 
elec'tnfied non-cumcluctor of its charge of electricity is to pass the 
flame of a spirit lamp over its surface. 

This property of points on electrified conductors, of allowing 
electricity to escape, has been called the power or properly of 
pointsyawiX in electric experiments we meet w ith numerous instances 
in which it comc': into play. The action of points has also a most 
important a])plication in lightning conductois (485). 

The quantity of electricity which may be imparted to a conductor 
■is limited. For as the charge increases the density increases, and 
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therefore the electrostatic pressure (which varies as the square of the 
density) increases very rapidly, and presently overcomes the insulat- 
' ing power of the air. When this limit is reached any furtjier charge 
given to the conductor escapes into the air. 

443. Potential.—Instead of making the experiment with the 
proof plane in the manner described in the last article, let it be 
atlachet! to one end of a long fine wire which is connected v^'ith an 
electroscope (438) at a considerable distance. If now the plane is 
placed in contact with the charged conductor (441), a certain diver¬ 
gence of the leaves is produced, which is a measure of the charge 
of electricity. And if the plane is in contact with any part of the 
ovoitl the divergence of the leaves of the electroscope is the same,, 
showing that the charge it receives is everywnere the same. Tins 
then is an experimental fact which our previous notions are insuf¬ 
ficient to explain ; it is different from cither electrical pressure or 
electrical density. Wc require the introduction of a new conception 
Avhich is that of electrical potential. 

This may be defined as being a property in electricity which is 
analogous to that of temperature in heat or to that of difference of 
flevel in hydrostatics ; bodies at different potentials are analogous ts 
bodies at different temperatures, or to liquids at different levels. 
If a body at one temperature is connected with a body at the same 
temperature there is no change, but if the temperatures are different 
a transfer of heat sets in and continues until both bodies arc at the 
same temperature. In like manner, when the bodies at the same 
electric potential arc connected, W’hatever their dimensions, there 
will be no passage of electricity from one to the other ; but if their 
potentials arc different, then, when they are connected either directly 
or by the intervention of a wire, electricity w'ill pass from the one 
at higher to the one at lower potential until their final potentials 
arc the same ; this*potcntial depending on the original charges and 
potentials of each of the bodies. 

The* term ‘ potential ’ was oi'iginalJy introduced into electric 
science out of considerations arising from the mathematical treat¬ 
ment of the subject. Its use is Justified by the clearness with which 
it brings out the relations of electricity to work. 

If we have an insulated metal sphere such as P or N in fig. 457, 
and this be charged, it will produce in its neighbourhood an electric 
fields the strength of which diminishes as the distance from the 
siihere increases, until, at a certain distance, no electric effects are 
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produced, or,'at any rate, they are too feeble to be manifested in 
any way, and this would be the limit or boundary of the field. 

Sujipose now we have a small insulated„s;phere, which will be 
called liitit sphere^ charj^cd with the same kind of electricity as the 
largo one, and ;it a distance which is great compared with the size 
of the sphere. If we move this sphere to any given point nearer 
the large one, we must do a certain amount of work on it against 
the lepiilsion of the two electric charges. We may then say that 
the work required to be done against electric forces in order to move 
unit of positive electricity from ah infinite distance up to this point 
is called the notcntii|^al this point. 

If in the'ahove case die sphere were charged with negativ'e 
electricity:,, then, instead of its being needful to do work in order to 
bring a unit of positive electricity towards it, work would be done 
Gy electric attraction, and the potential of the point near the 
charged sphere would thus be negative. The potential at any 
point may also be said to be the work done against electric force 
in moving unit charge of negative electricity from that point to an 
infinite distance. 

• Tlie amount of work required to move the unit of positive 
electricity against electric force from any one jiosition to any other, 
is equal to the cveess of the electric potential of the second position 
over the electric potential of the first. This is, in effect, the same 
as has been said above, Tor at an infinite distance the potential is 
.zero. Here it is immaterial along which path the unit charge is 
movetl, whether by the shortest one or not ; just as in the analogous 
case of moving a body against gravity the work rlone only depends 
on the initial and final positions of the body mo\ ed. 

We cannot speak of potential in the abstract, any more than w^e 
can speak of any particul.ir height without at least some tacit 
reference to a standard of level. Thus, if we sa\ that such and 
such a place is 300 feet high, we usually imply that this is its height 
as measured from the level of the sea. So, too, we refer the 
longitude of a place to some definite meridian, such as that of 
Greenwich, either expressly or by implication. 

*In like manner we cannot speak of the potential at any point 
without at least an implied reference to a standard of potential. 
This standard is usually the earth, which is taken as being at zero 
potential or the same as the potential at an infinite distance. If 
we speak of the potential at a given point, the difference between 
the potential at this point and the earth is meant. 
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As water only flows from places at a higher to places at a lower 
level, so also electricity only passes from places at a higher to 
places at a lower potential, the direction being always such that 
the value of the potential tends to diminish. If an electrified body is 
placed in contiucting communication with the earth, electricity will 
flow from the body to the earth, if the body is at a higher iiotential 
than the earth ; and from the eartli to the body, if the body is at a 
lower potential. If the potential of a body is higher than that of the 
earth, it is ‘■aid to havcapositn e potential; and if at a low er potential, 
a negative potential. A body cliaiged with frci' neiiativc eleciriciiy 
is at a loioer ])Otentlal th.in the earth ; one charged with 
positive clcct 7 ‘iiity is at a hiy/ier potential. 

443. Electric capacity and charge.- -'I'he capacity of any con¬ 
ductor is rneasiiied by the quantity of electricity which it acquires 
when its electric potential is raised by unity. 

We may illustrate the relation between capacity and potential 
by reference to the analogous phenomenon of heat. In the inter¬ 
change of hejil between bodies at difterent temperatures, the final 
result is that heat only passes from bodies of higher to bodies of 
lower tcmpeiMture. So uKso electricity only passes from bodies of' 
higher to bodies of lower ]Kjtential. l^otential is as regards elec¬ 
tricity what tempe^'atnre is as regards heat, and might indeed be 
called electric iempcmtiire. We may haNC a small c[uantity of heal 
at a very high temjieraiure. Thus a shOrt thin wire heated to 
incande-scence has a far higher heal potential, or temperature, than 
a bucket of warm water, but the latter w ill ha\e a far larger quantity 
of heat. A flash of lightning rejirescnts electricity at a very high 
potential, but the quantity is small. 

When the charge or quantity of electricity iinjiarted to a body 
increases, the potent jal increases in the same ratio ; so that, calling 
Q the quantity of electricity, C the capacity, and V the ]iotcntial, 
we have Q = C V; that is to say, the charge, or .quantity of electricity 
that any body possesses, is the product of the potential into the 
capacity. Hence, with a given charge of electricity, Q, the greater 
the capacity the lower is the potential, and the .smaller the capacity 
the higher is the potential 

While there is a close analogy between heat and electricity, as 
regards capacity, there are important dififerences ; thus the capacity 
of a body for heat is influenced by the temperature being greater 
at higher temperatures, w'hile the capacity of a body for electricity 
does not depend on the potential, -dio pv 3 ,M,ov SjT ^s»v riv a«-/9v, f/.irgcv bi 



-443] Electric Capacity 533 

Calorific capacity is proportional to a specific coefficient which 
varies with the material, but is independent of the shape, while 
electric capacity varies with the shape of the conductor but not 
with i’ts material, provided electricity can move freely over it. 
Calorific! cajjacily is unaffected by the proximity of other .bodies, 
while electric capacity de])ends on the position and shape of adjacent 
conductors. 
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chapter II 

ACTION OF ELECTRIFIED BODIES ON UNCHAROED BODIES; 
INDUCED ELECTRICITY. ELECTRIC MACHINES 

444. Electricity by influence or induction.—A cliai jfcd insulated 
condiutor, since it produces an electric field all round it, acts on 
uncharged bodies placed near in a manner analoj,miis to that of 
the action of a magnet on soft iron ; that is, to use the language of 
the tu’O-fluid theory, it decomposes the neutral electricity, attract- 



Fig. 456. 


ing the opposite, and repelling the like kind of electricity. 'I'he 
action which is exerted not only through air, but also through insu¬ 
lating substances like gutta-percha, glass, resin, etc., is said to take 
place by inJLuence or induction. 

The phenomena of induction may be demonstrated by means 
of the apparatus represented in fig. 456. On the left hand of the 
figure is the prime conductor of the electric machine, which, as 
we shall afterwards see, is usually charged with jiositive electricity ; 










Electrostatic Iriduction 


-444] 


535 


on the right is a brass cylinder insulated by being placed on a glass 
support, and provided with small pith-ball pendulums, suspended 
by linen threads, which are conductors. Wlien the cylinder is 
brought near the prime conductor, the pendulums arc found to 
diverge. • If a sealing-wax rod which has been rubbed with flannel 
be ajDproached to the pendulum nearest the electric machine, it 
will be repelled, showing that it is charged with the same elec¬ 
tricity as the rubbed sealing-wax ; that is, with negative electricity. 
If in like manner a glass rod which has been rubbed w ith silk 
be approached to the other end of the cylinder, the pendulum there 
is also repelled, w’hich shows that it is charged with positive elcc- 
^tricity. The electricities thus produced are equal in quantity, for 
if the cylinder is removed the pendulums cease to diverge, since 
two electricities recombine, and the body is restored to the neutral 
state. The best way of testing the distribution of electricity on the 
cylinder is by means of a proof plane* (430) and gold-leaf electro¬ 
scope. The proof plane is allowed to touch various ])arls of the 
cylinder, and becomes charged with the electricity w hich happens to 
exist at the jiart U*uched. The charge is then iransfcned to the 
electroscope .and its ^ign 
examined by glass rod or 
seal i ng wax. 1 n t h i s w.iy wc 
find that the positive and 
negative charges reside 
• chiefly at the ends. Near 
the middle there is no charge 
at all. 

If another unchaiged 
conductor, an insulated 
sphere for example, is 
brought near to the cylinder 
(fig. 456), it is influenced by 
the positive electricity at 
the end of the cylinder and 
becomes charged by induc¬ 
tion with negative on one 
side and positive on the 
other. 

The operation of induc- 
, tion may also be illustrated by the experiment represented in fig. 
457 » in which the glass cylinder, T, becomes positively electrified 
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by friction with the silk rubber, R. P and N are two copper spheres 
on insulating glass stems. If, while the two spheres are touching the 
electrified cylinder is placed near them, the sphere nearest the glass 
becomes negatively electrified, and the further one is positively 
electrified, and if the spheres be separated, P will be found to 
have a free positive and N a free negative charge. These charges 
may be tested by a gold-leaf electroscope. 

electrification hy influence^ ox induction i\s, it is called, which 
is produced by an electrified body on bodies in the neutral state, 
explains a host of jihenomena. In order to explain all its effects, 
it is important to inquire what takes place when the insulated 
cylinder, in the above experiment, is placed for a short time in 
contact with the g^round, while it is still under the influence of the 
machine. Suppose, for instance, the further end be placed in con¬ 
tact with the ground, the positive electricity will escape, while the 
negative remains, held by th®. attraction of the opposite electricity 
of the machine. If now connection with the ground be broken 
and the cylinder be mo\ed awa) from the influence of the machine, 
the pendulums Avill diverge, and, as can be easily verified, cming to 
their beings charged with neg'atiNC electricity. Kven if the end 
nearest the machine be connected with the ground, Iheicsult is still 
the same. The negative electricity does not pass into t he g r ound ; 
it is the positive whic h sti ll escapes ; the negative being attracted 
by the contrary electricify of the machiiic, on interrupting the 
communication with the earth, the cylinder remains charged with 
negativ e electricity. 

Light bodies such as pith balls are more easily attracted by an 
electrified body w'hen they rest on a conducting support in con¬ 
nection with the ground, than when they are on an insulator. 
For in the former case^ the repelled electricity escapes into the 
g round. 

Thus a body can be charged w'ilh electricity by induction as well 
as by conduction. But in the latter case the charging body loses 
part of its electricity, which remains unchanged in the former case. 
The electricity imparted by conduction is of the same kind as that 
of the electrified body, while that excited by induction is of tne 
opposite kind. To impart electricity by conduction, the body must 
be quite insulated, while in the case of induction it must be in 
connection with th6 earth, at all events momentarily. 

The phenomena of induction, illustrated above by means of an 
insulated cylinder placed near the prime conductor of an electric 
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machine, may be further exhibited by a gold-leaf electroscope and 
a charged body such as an excited stick of shellac. The electro- 
scope takes the place of the cylinder, and the experiment illustrates 
the way in which an electroscope is generally employed for the 
purpose? of testing a charge. For example, let the-,, ghellac be 
rubbed wit h flannel and brought near to the cap of the electroscope. 
The leaves diverge with negative electricity, the cap being positive, 
and the divergence increases as the rod is brought nearer. With 
the shellac at a definite distance let the cap be momentarily earth- 
connected by being touched with the finger ; the negative electricity. 
disa[)pears, the leaves collapse, and the electroscope is at zero 
potential. Remove the shellaq ; the lea\'cs open again, this time 
with positive electricity, and the potential rises to some positive 
value. Thus, from the negatively charged shellac a free positive 
charge has, by induction, been communicated to the electroscope.* 
'I'o give the electroscope a negative •charge from the same source 
a direct transfer is efifected by means of a proof plane. Similarly, 
from a positively charged body—for instance, a glass rod rubbed 
with silk—cither a negative or a positive charge may be com- 
•inunicatcd to the electroscope : a negative charge by induction, 
a positive charge by the aid of the proof plane. 

There are many respects in which the phenomena of magnetic 
differ from those of electric induction. In magnetism, when the 
inducing body and that submitted to its action are jdaced in direct 
contact, there is no change except that the action is stronger, 
nor docs the inducing magnet lose any of its strength. In elec¬ 
tricity, on the contrary, when the inducing and induced bodies are 
l-vrought in contact, conduction takes place ; both bodies are charged 
with the same kind of electricity, which is shared between them in 
proportion to their cai)acitics (443), and accordingly the inducing 
body loses some of its electricity. It is thus possible to obtain a 
body charged with one kind of electricity only ; uhile in magnetism 
we cannot perform the analogous operations—we cannot get detached* 
unipolar magnets. Again, the magnetic induction is limited to a 
very small number of substances, virtually to iron, steel, nickel, and 
cobalt, while electric induction takes place in all substances. 

445. Faraday’s experiments. —The following experiineiUs ^f 
h'araday, w’hich are often known as ‘ the ice-pail experiments,’ from 
the vessels with which they were originally made, arc of great 
importance. 

I. A metal cylinder is placed on an insulating stand and charged 
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withj say, positive electricity. On testing with proof plane and 
,^ectroscope we find that no part of the charge is inside the cylinder ; 
it is entirely on the outside and chiefly near the edges.- If the 
charge is directly communicated to the inside, the result is the 
same—the charge does not stay there, but is found on testing to be 
entirely outside. 

2. The cylinder is again charged. One end of a fine wire is 
attached to the cap of the electroscope and the other end to a glass 
rod in such a way that it can be made to touch any part, inside or 
outside, of the cylinder. When contact is made the leaves diverge, 
and the divergence is exactly the same whatever part of the 
cylinder be touched. This is expressed by saying that all parts of 
the cylinder are at the same potential. In the inside, where the 

electric density (441) is zero, the 
potential is the same as at the 
edges, where it has its maximum 
value. 

3. The cylinder is connected 
by a wire to the cap of the electro¬ 
scope. It is not charged. When 
a brass ball, A (fig. 458), insulated 
by a silk thread, is charged with, 
say, positive electricity and lowered 
into the cylinder, the leaves of the 
electroscope diverge and, as can be 
shown, with positive electricity, and 
the divergence increases as the ball 
descends until a certain depth is 
attained, when there is no further 
increase. The divergence now re¬ 
mains constant whatever be the 
position of the ball, and wh(-n the inside and outside are tested 
.with the proof plane, they are found to be charged with negative 
and positive respectively. If the ball is withdrawn the leaves 
collapse and there is no electrification on the cylinder; the quantities 
of negative and positive electricity developed on the two surfaces 
were accordingly equal to each other. 

4. The ball charged with positive electricity is brought, as before, 
into the cylinder and is allowed to touch the inside; there is no 
alteration, not even a momentary one, at the instant of contact, in 
the divergence of the leaves of the electroscope ; but if the ball be 
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withdrawn it will be found to be discharged, as is also the inside 
of the cylinder, while the outside is charged with positive electricity. 
I'he whole of the charge of the ball has been transferred to the 
cylinder. We learn also from this experiment that the charge 
induced hy the ball is equal to the inducing charge, for if it were 
greater or less there would be some change in the divergence of the 
leaves at the moment of contact. We further notice that although 
there can be no free charge inside a conductor, there may be an 
induced charge. 

5. If, when k. has been lowered to the position represented in 
fig. 458, the cap of the electroscope be momentarily touched, the 
leaves collapse, the positive electricity on the outside of C dis¬ 
appears, and the potential falls to zero. Inside C, however, the 
charges undergo no change, the positive on A and the negative on 
the inner surface of C being equal to each other. If A be with¬ 
drawn, the negative passes to the (Outside of C, and the leaves 
diverge to the same extent as before, proving that the potential is 
now as much below zero as it was before above. If A touch C 
the whole system is discharged. 

• Karaday’s cylinder furnishes an excellent means of proving that 
the quantities of opposite kinds of electricity produced when bodies 
are rubbed together are equal ; for if the rod and cap in fig. 448 
are placed in the cylinder after being rubbed, no divergence of 
the leaves is produced. "Nor is there any if both cap and rod are 
’.simultaneously in the cylinder, not touching each other, and this is 
the case in whatever position they are placed in the cylinder. If 
cither of them, however, be withdrawn, the leaves of the electro¬ 
scope at once diverge, and, as may easily be shown, with the same 
electricity as that of the body left in the cylinder, but the divergence 
ceases when the other is broug^ht back into the cylinder. Which¬ 
ever be removed, the extent of the divergence of the leaves is thfe 
same, although the electricities are different. 

446. Ramsden’s electric machine.—The first electric machine 
was invented by Otto von Guericke, the inventor also of the 
air-pump (148). It consisted of a sphere of sulphur, which was 
turned on an axis by means of one hand, while the other hand, 
pressing against it, served as a rubber. Resin was afterwards 
substituted for the sulphur, which in turn Havvksbee -replaced by a 
glass cylinder. In all these cases the hand served as rubber (fig. 
475); and Winckler, in 1740, first introduced cushions of 
^horsehair covered with silk as rubbers. At the same time Bose 
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collected the electricity excited on the glass by frictibn, by means 
.of an insulated cylinder of tin plate. Lastly, Ramsden, in 1760, 
replaced the glass cylinder by a circular glass plate, which was 
rubbed by cushions. The present form of the machine is but a 
modification of Karnsden’s. 



4.S9- 

K between two wooden supports (fig. 459), a circular glass plate, 
P, about a yard in diameter, is suspended by an axis passing 
through the centre, and turned by means of a glass handle. 
The plate revolves between two sets of cushions or rubbers^ of 
lather or of silk, one set above the axis and one below, which, by 
means of screws, can be pressed as tightly against the glass as may* 
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be desired, by which means the plate becomes electrified on both 
sides. In front of the plate also arc two brass rods, provided with 
a series -of points in the sides opposite the glass ; these rods are 
fixed to two large metal cylinders, A A, which form W\c prime con¬ 
ductor. • The cylinders are insulated by glass supports, and are 
connected w ith each other by a smaller rod. 

action of the machine is thus explained. By friction with 
the rubbers, the glass becomes positively, and the rubbers nega¬ 
tively, electrified. If the rubbers were insulated, they would 
receive a certain charge of negative electricity which it would be 
impossible to exceed, for the tendency of the opposed electricities 
^ to reunite ^\ould be equal to the power of the friction to decompose 
the neutral fluid. But the rubbers communicate with the ground 
by means of hands of tinfoil, fixed to the supports, not shown in 
the figure, and consequently, as fast as the negative electricity is 
generated, it passes off. The positive electricity of the glass acts 
then by induction on the conductor, attracting the negative elec¬ 
tricity and repelling an equal quantity of positive. The negative 
electricity is discharged by the points upon the glass plate, and 
•the prime conductor remains charged with positive. The glass 
plate accordingly gives up nothing to the conductors ; in r.v:t, it 
only abstiacts from them their negative electricity. 

As thus described, the electric machine yields only positive 
electricity ; it may, hmit ever, be arranged so as to give negative 
• electricity. For this purpose the feet of the table are insulated by 
being placed on thick slabs of resin, of glass, of gutta-percha, or of 
sulphur, and the conductors arc connected with the ground by a 
metallic chain, 'rhis allo\t% the electricity of the positive conductors 
to escape, while the negative electricity of the rubbers accumulates 
on the supports and on the bands of tinfoil. 

447. Quadrant electroscope. —The electric condition of the prime 
conductor is indicated by the quadrant clcitroscope^ commonly 
called Henleys electrometer.^ which is rejiresented in fig. 459 
attached to the conductor. This is a small electric pendulum, 
consisting of a brass rod, to which is attached ;in ivory or card¬ 
board scale (fig. 460). In the centre of this is a small straw index, 
movable on an axis, and terminating in a pith ball. Being attached 
to the conductor, the index rises as the machine is charged, ceasing 
to rise when the limit is attained. When the rotation is discon¬ 
tinued the index falls rapidly if the air is moist; but in dry air it 
^ only falls slowly, showing, therefore, that the loss of electricity in 
the latter case is less than in the former. 
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Hence, in moist weather experiments with the electric machine 
are difficult to perform. All parts of the apparatus must be care¬ 
fully warmed by an open fire, and the supports and plate, must be 
Tubbed with hot cloths. It is, indeed, by the supports that the 
greater part of the electricity is lost. 

The rubber-s are commonly made of leather stuffed with horse¬ 
hair. Before use they are coated either with powdered aurum 
inusivum (tin sulphide) or amalgam. The action of these sub¬ 
stances is not very clearly understood. Some consider that it 
merely consists in promoting friction. Others, again, believe that 
a chemical action is produced, and assign, in support of this view, 



the peculiar smell noticed near the rubbers when the machine is 
worked. Amalgams, perhaps, promote most powerfully the dis¬ 
engagement of electricity. Kienmayer^s amalgam is the best of 
them ; it consists of i part of tin, i of zinc, and 6 of mercury. 

Whatever precautions be taken to avoid the loss of electricity, 
or however rapidly the machine be turned, it is impossible to ex¬ 
ceed 4 certain limit of charge and potential of the prime conductor. 
For, as the electricity accumulates, its density at any point and 
hence the electrostatic pressure increase too, and very sopn its 
tendency to escape exceeds the resistance offered by the air and 
the supports of the conductors. From this moment the loss of 
electricity equals the production, and hence the potential can never 
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exceed 'a certain limit, which is indicated by the electrometer 
remaining stationary, although the rotation is continued. 

If, moreover, the maximum effect is desired, the machine must 
not be placed too near walls or furniture on which there are sharp 
points. ^ Thus, if a point or the flame of a candle be presented to 
the prime conductor of a machine in action, as represented in fig. 
460, the electrometer index falls, even though the point is ac some 
distance. This is due to the fact that the positive electricity of the 
machine induces negative in the point, repelling positive through 
the body into the earth ; the negative flows out through the point 
as fast as it is produced, and, combining with the positive electricity 
on the prime conductor by means of which it was evoked, con¬ 
tinually tends to bring the machine back to the neutral state. 

448. Elec^pphorus..—This is a very simple apparatus invented 
by Volta, by means of which considerable quantities of electricity 
may be produced. It 
consists of a cake of 
resin (fig. 461), of 
about twelve inches 
diameter and an inch 
thick, which is placed 
on a metal surface, or 
very frequently fits in 
a wooden mould lined • 
with tinfoil, which is 
called the form. Be¬ 
sides this, there is a 
brass disc, of a dia¬ 
meter somewhat less 
than that of the cake, 
provided with an in-^ 
sulating glass handle, 
of w'orking this apparatus is as follows ;—All the parts of the 
apparatus having been well warmed, the cake, which is placed in' 
the form, or rests on a metal surface, is briskly flapped with a cat- 
skin, a§ shown in fig. 461, by which it becomes charged with 
negative electricity. The cover held by the insulating handle is 
then placed on the cake. ^The negative electricity of the cake, 
actin'g thus inductively on the cover, attracts positive electricity to 
the lower surface, and repels negative to the upper (fig. 462). It 
also attracts positive electricity to the upper side of the base, 





Ktg. 461. 


This is called the coveri The mode 
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repelling negative to the ground. If now the upper Surface of the 
cover be touched by the finger, as shown in fig. 463, the negative 
electricity passes out into the ground, and the disc only retains 

positive electricity. Now, when the cover 
is rtiised by one hand by means of the 
insulating handle, and the other hand is 
brought near it, jL smart spark p ^isseii. du e 
to the recombination of the positive of 
the disc with the negative p roduc ed.byjts 
induction in*thc^hiin 3 (fig. 464). 

It was by induction that the cover 
Fig. 462. became electrified and not by any transfer 

of electricity ; for if the cover be put 
down on the cake and raised again without being earth-connected, 
it will carry away no charge. Hence the operation may be repeated 
any number of times, and a succession of sparks obtained. The 
retention of electricity is greatly promoted by keeping the cake in 




Fig. 463. Fig. 464. 


the form, and placing the cover upon it. Instead of a cake of resin, 
a disc of gutta-percha or vulcanite may be used, and, of course, if 
any non-conducting material which becomes positively electrified 
friction be used as the cake, the cover acquires a negative charge. 
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,. 449. Induction or influence machines. Wimshurst’s machine. 
Several electric machines have of late been devised, in which the 
electricity, is not continuously produced by friction, but where an 
initial Charge is imparted as in the electrophorus, and this by a 
process c/ continuous inductive action goes on accumulating until 
very powerful effects are obtained. Such apparatus are known as 
inductwn or influence machines. 



Fig. 465. s, 


One of the most efficient of all these machines is th.at of 
Wimshurst. It consists (fig. 465) of two circular glass discs 
mounted on a fixed horizontal spindle in such a way as to be 
rotated in opposite directions at a fixed distance of not more than • 
a quarter of an inch apart. Both discs are well varnished, and 
attached to the outer surface of each are narrow radial sectors xdl 
tinfoil or brass arranged at equal angular distances apart. 

N'N 
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In the front, attached to the fixed spindle on which tlie discs 
rotate, is a bent conducting rod, at the ends of which are fine wire 
brushes ; twice during each revolution two diametrically opposite 
conductors are put in connection with each other by means of this 
conductor, as they just graze the tips of the brushes. At the back 
is a similar conducting rod at right angles to that in front, and 
there is a position of maximum efficiency, which is when they make 
an angle of 45® with the fixed collectors. 

There are two forks provided with combs directed towards 
each other, and towards the two discs which rotate between them ; 
they arc connected with the inner coatings of Leyden jars (465), to 
which are also attached the terminal electrodes or dischargers, the 
distance apart of which can be varied by turning the Leyden jars 
from which they rise. 

The machine is self-exciting, and requires neither fric.tion nor 
the sparkjfrom any outside Exciter to start it. 'I’his is one of the 



Fig. 466. 


most remarkable features of this machine, that under ordinary 
conditions it attains its full power after the second or third turn of 
the handle. The initial electrification is probably obtained from 
chance variations ot#tmospheric electricity, or from the frictional 
resistance between brush and sector. 

With a machine having plates 17 inches in diameter, a power¬ 
ful and regular succession of sparks passes between the two 
electrodes when they are four to five inches apart, at the^ rate of 
two or three for every turn of the handle. 

A large machine of this kind which has a plate 7 feet in diameter 
is calculated to give sparks between terminals, 2 feet 6 inches 
apart, but as yet no Leyden jars (465) have been found that can 
stand the charge, and batteries that have successfully faced all the 
great historic machines give way before the enormous tension, and 
are pierced. 
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By increasing the number of plates still more powerful effects 
are produced. With a machine ith twelve plates thirty inches in 
diameter,• the sparks represented in fig. 466 were obtained. 

It is not easy to give a satisfactory simple explanation of the 
action o^the machine. Its inventor considers that its remarkable 
efficiency may be partly due to the duplex action of the apparatus, 
both plates being active and contributing electricity to the collecting 
combs, the sector-shaped plates of brass acting as inductors when 
in their position of low est efficiency as carriers^ and as carriers 
when in the positions at which their inductive effect is at a 
minimum j and as it follows, from the construction of the instru¬ 
ment, that the inductors of the one disc are at a position of 
liighest efficiency when those of the other arc at their lowest, and 
z'zVe versA^ and as this applies with equal force to the sectors w’hen 
considered as carriers, it also follows that the charging of the 
electrodes, and therefore the discharge between them, is, by mutual 
compensation, maintained constant. 

450. Doublers.—Theaction of such machines may 
pel haps be Tendered more c omjnehensible by the apparatus repie- 
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sented in fig. 467, of which the low’cr part show's the plan. A and 
B are hollow metal cylinders, partially open, fixed on insulating 
suppohs; is a stout glass tube turned by a handle, and through it 
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passes a copper wire, having at the ends cork cylinders, 
covered with tinfoil which is in connection with e. Inside B is 
a hank of cotton yarn, as there is also in the insulated cylinder C ; 
this is connected with the knob, as B is with ky. 

A is charged positively ; when inside, but not touching 
it, is acted on by induction, and the repelled positive at d,^ is 
neutralised by the points of the yarn, and B remains charged with 
positive electricity ; rf, passing next through the hollow cylinder C 
gives up its charge of negative electricity by contact with the yam. 

On further turning, d^ and d., change their functions, but the 
same process is repeated, and we thus obtain another charge K the 
conductors B and C and so forth. In dr>' air a continuous series 
of sparks passes between and k,^ as long as the machine is 
turned. The cylinder A retains its constant charge of positive 
electricity, and the production of the electricity takes place by 
influence at the cost of the work required to overcome the attraction 
between A and the cylinder which is leaving it, and the repulsion 
between B and the cylinder which is approaching it. 

The name doubler been given to this and similar apparatus. 
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CHAPTER III 

KLECTKIC EXPERIMENTS 

431. Electric spark.—One of the first experiments made 
by those who see an electric machine at work for the first time 
is that of takinjf from it an electric spark by bringing the hand 
near the conductor. The positive electricity of the conductor 
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acting inductively on the neutral electricity of the body repels the 
positive and attracts the negative. When the difference of poten¬ 
tial of the opposed electricities is sufficiently great to overcome the 
resistance of the air, they re-combine, with a smart crack and a 
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spark. The spark is instantaneous, and is accompaiiied by a sharp 
prickly sensation, more especially with a powerful machine. Its 
shape varies. When it strikes at a short distance, it is rectilinear, 
as seen in fig. 468. Beyond two or three inches in leng'th the 
spark becomes irregular, and has the form of a sinuous cufve with 
branches (fig. 469). If the discharge is very powerful, the s^iark 
takes a zigzag shape (fig. 470). 

452. Insulating stool.—A spark may be taken from the human 
body by the aid of the insulating stools which is simply a low stool 
with stout varnished glass legs. The person standing on this 
stool touches the prime conductor, and, as the body is a goo^’ 
conductor, the electricity is distributed o\er its surface as over an 
ordinary insulated metallic conductor. The hair * stands on end ’ in ' 
consequence of repulsion, a peculiar sensation is felt on the face, 
and if another person, standing on the ground, presents his hand 
to any part of the body, a smart crack, with a pricking sensation, is 
produced. If paper tassels are held in the hand, they diverge 
widely. Instead of such a stool, a sheet of indiarubber cloth may 
be used. If a person standing on an insulated stool be struck with 
flannel or with silk, or be brushed with a clothes brush by one 
standing on the ground, the former becomes electrified ; and if he 
touches a gold-leaf electroscope the leaves diverge, and, as may 
be shown, with negative electricity. 

453. Electric chimes.—The ela/ric c/tintes is a bell-work which 
is worked by electrical attraction and repulsion. It consists 

of three metal bells suspended 
from a horizontal rod, w, which 
IS connected with the electric 
machine (fig. 471). The two 
bells, fy and t, are suspended l>y 
light metal chains ; the middle 
one is suspended by silk, and is, 
moreover, connected with the 
ground by a chain. Between 
the bells are two small brass 
balls, suspended by silk threads. 
When the machine is worked 
these small biass balls are 
attracted by the electricity which 
lasses by conduction to the bells b and and strike against them ; 
lut being at once repelled, they strike against the middle bell to 
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which they gkc up their electricity, which thus passes into the 
ground. They are then again attracted, again repelled, and so on 
as long as the electric machine is worked. 

454.' Dancing puppets.—This, like the chimes, is an application 
of the attractions and repulsions of electrified bodies. It consists 
in placing a small, very light figure of pith, loaded at the feet, 
between two metal discs, one connected with the ground and the 
other with the electric machine (fig. 472), As soon as this latter 
becomes charged, the small puppet is successively attracted and 
repelled from one to the other disc, as if it executed of its own 
proper action a series of jumps. 

With this we may mention the experiment of the electric hail^ 
Vhich was originally devised by Volta for the purpose of illustrating 
what he supposed to be the motion of hail between two clouds 


oppositely electrified. It consists of a glass cylinder (fig. 473), with 
a metal base, in connection with the ^rth, on which are some pith 



balls. The cylinder has a metal 
top, which is connected by a 
wire with the prime conductor. 

When the machine is worked, 
the lid, becoming positively 
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electrified, attracts the light pith balls, which are then immedi¬ 
ately repelled, and, having lost their charge of positive elec¬ 
tricity by being put to earth, are again attracted, again repelled, 
artd so on, as long as the machine continues to be worked. 

455. Electric whirl or vane.—The electric whirl or vane con¬ 
sists of four to six wires, terminating in points, all bent in the 
same direction, and fixed in a central cap which rotates on a pivot 
(fig. 473). When the apparatus is placed on the conductor, and 
the machine is worked, the whirl begins to revolve in a direction 
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opposite that of the points. This motion is analogous to that of 
the hydraulic tourniquet (84), but, unlike that, it is not caused by a 
flow t)f material fluid, but is due to a repulsion between .the elec¬ 
tricity of the points and that 
which they directly ipipart to 
the air by conduction. The 
electricity, beinj,*^ accumulated 
on the points, where the electric 
density and hence the electro¬ 
static pressures become very 
large, passes into the adjace* t 
air, and, thus imparting to it a 
chaige of electricity, repels this 
electricity, while it is itself re¬ 
pelled. That this is the case is 
evident from the fact that, on 
approaching the hand to the 
whirl while in motion, a slight 
draught is felt, due to the 
movement of the electrified air ; 
while in vacuo the apparatus 
does not act at all. This draught 
or wind is known as the electric aura. The escape of electricity 
in this way is analogous to the manner in which heat is trans¬ 
mitted in liquids (236), and is sometimes known as electric con¬ 
vection. 
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When the electricity thus escapes by a point, not only is the 
petrified air repelled so strongly as to be perceptible to the hand, 
^^t the current is strong enough to blow out a candle (fig. 475). 
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The same eft*ect is produced by placing a taper on the conductor, 
and bringing near it a pointed wire held in the hand (fig. 476). 
The current arises, in this ‘case, from the contrary electricity, 
which*is withdrawn through the point under the influence of the 
machiny. 

It is pretty certain that in these experiments it is not the air 
itself,*but the particles in it, whether of dust or of moisture, which 
become electrified. This may be iljifs^rated by the following simple 
experiment. A glass jar is filled with dense smoke of turpentine or 
petroieuin or of sal-ammoniac through the tube c (fig. 477), and the 
bared end of a giittapercha-covered wire is held in it while the other 
end is connected with an electric machine. On giving two or 
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three turns to the machine the smoke is rapidly deposited, and the 
inside becomes quite clear. Here the smoke consists of solid 
particles, which become polarised by induction and attract each 
other. They thereby become agglomerated, and fall to the bottom ^ 
of the globe. Similarly air may be freed from ordinary dust. If 
air is freed from dust by such means or by filtration, it takes little 
or no charge from an electrified point. A flame acts like a point, 
but in a far higher degree, owing to the conducting vapours which 
rise from it, and act like a host of fine points. A column of smoke 
acts similarly. 

I’he electric orrery and the electric inclined plane are analo¬ 
gous to these pieces of apparatus. 
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Fig. 479. 


If a small metal vessel containing water, having mirtutc apertures 
through which it issues in drops (fig. 478), be suspended by a wire 
to the prime conductor, the water issues in jets when the .vessel is 

electrified by working thb ma¬ 
chine, in consequence, of the 
repulsion between the electrified 
vessel and the issuing water, 
which is electrified also. 

If a wire about to } of an 
inch in diameter, and rounded 
at the end, is placed on the con 
ductor of the electrical machine, 
which is worked in a dark room, 
the electricity in streaming out 
illuminates the air, and a kind of 
luminous brush appears on the 
top of the point. This is known as the brush discharge (fig. 479). 

It is remarkable that the form of the brush dfscharge differs 
wnth the kind of electricity with which the conductor is charged ; 

^ it is larger with positive thiin with negative 

electricity. With the latter the discharge 
more the shape of a luminous star, or 
£ a steady glow, which is called the glow dis- 

■ ■ charge. ‘ 

It appears from other experiments also 
that there is a difference in the facility 
with which the two electricities discharge. 
Faraday made a pair of exactly similar 
forked discharging rods (fig. 480), the ends 
Sf which were provided with knobs of un¬ 
equal si/e, ^K] and /i',K. Each pair being 
at exactly the same distance from each 
other, it w'as found that when the fork II 

V was positive the discharge was between h 
and K, while it was between >{r, and K, when 
the fork I was positive ; the sti iking-distance 
w'as always greater when the small knob 
fig. 480. was positive and the large one negative. 

Here also may be mentioned an experiment which shows a 
difference between the two electricities, and also indicates a 
connection between light and electricity. A polished zinc disc 
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(fig. 481) is atfached to an electroscope and charged with positive 
electricity, so that there is a considerable divergence of the leaves. 
If now the disc is exposed to the 
direct &ction of the sun’s rays, or 
to the light from a clear blue sky, 
the divergence of the leaves is 
not appreciably lessened ; but if 
the experiment is repeated with 
a charge to the same extent of 
negative electricity, the leaves at 
once begin to fall together, and in 
about a minute the whole charge 
has escaped. The effect does 
not occur in the dark, and it is 
diminished if the sun’s rays be- 

fore falling on the disc have previousl)*passcd through a glass plate. 

The same effect as that of sunlight is .also produced by burning 
magnesium ribbon at a distance of a few 
inches from the electroscope. No appre¬ 
ciable effect is produced if the charge is 
positive. 

456. Electric egg, —The influence of the 
pressure of the air, or rather of its non¬ 
conductivity, on the dectric light may be 
studied by means of the electric egg. This 
consists of an ellipsoidal glass vessel (fig. 

482), with metal caps at each end. The 
lower cap is provided with stopcock, so 
that it can be screwed into an air-pump, and 
also into a heavy metal base. 'I'he upper 
metal rod moves up and down in a leather 
stuffing-box ; the lower one is fixed to the 
cap. The air in the vessel having been 
exhausted, the stopcock is turned, and the 
vessel screwed into its base ; the upper part 
is then connected with a powerful electrical 
machine, and the lower one with the ground. 

On working the machine, the globe becomes 
filled with a faint violet light continuous from 482. 

one end to the other, and resalting from the recomposition of the 
positive electricity of the upper cap with the negative of the lower. 
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tf the air be gradually allowed to enter, by opening" the stopcock, 
f3ie resistance increases, and the light, which appeared continuous 
and brilliant, is now only seen as an ordinary spark. 

457. Magic pane.—The magic pane consists of a glass plate, 
one side of which is covered with several strips of tinfoil, arranged 
so as to form a series of metal bands, parallel and close to each 
other. The pane is supported vertically by two glass rods, and 
the upper end of the tinfoil is connected with the electric machine 
by a conductor, and the lower one with the ground by a chain. 
In this condition, if the machine is worked, the electricity will 
pass into the ground by the tinfoil, without any interruption ; b r 
if a series of breaks are made in the tinfoil by cutting it away with 
a penknife, a spark appears at each break ; and if these breaks are 
so arranged as to represent a given object—a flower or a monu¬ 
ment or words—this object is reproduced in a line of fire when 
the electric machine is set to work. The explanation of this ex¬ 
periment is really to be referred to the prodigious velocity of light, 
which is not less than about 186,000 miles in a second; hence in 
the above experiment, although the sparks are really successive, 
they follow each other with such rapidity as to seem simultaneous 
and continuous (377). 

458. Luminous globe and tube.—The luminous globe is a glass 
globe lined on the inside with a series of small lozenges of tinfoil 
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Fig. 483.* 


])laced very near eacfi other without actually touching. 'I'he first 
plate is connected with an electrical machine at work, and the last 
with the ground, upon which a series of bright sparks appears at 
each break in the metallic conductor. 

If the small metal plates are arranged inside a glass tube in the 
form of a spiral from one end to the other, this arrangement forms 
a luminous tube^ sometimes called the electric serpent (fig. 483). ‘ 
Metal and glass beads threaded alternately on a silk thread 
render it possible to construct readily names which are luminous 
as long as the discharge from a machine is passed through them. 

459. Volta’s cannon.—^This is not merely interesting as an 
experiment, but also as demonstrating an important fact—namely, 
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that the electric spark can establish chemical action. Thus, water 
is formed of two gases, hydrogen and oxygen, in the ratio of one 
volume of the latter to two volumes of the former. Now, when an 
electrfc spark is passed through a mixture of these two gases, 
they copibine in these proportions, and form water. This com- 
binatmn is, moreover, attended by a bright flash of light and a loud 
report, the latter being due to the expansive force of aqueous vapour, 
arising from the high temperature produced by the combination. 

Volids cannon is an illustration of this property which some 
mixtures of gases have of being exploded by the electric spark. 
It is a small brass cannon, resting on an insulating support. In 
the touchhole is a small glass tube, and in this a brass wire with a 
small knob at each end (fig. 484); one of Avhich knobs is on the 
outside and the other very near but not touching 
the inside face of the cannon. Having filled the 
cannon with a mixture of two volume* of hydrogen 
and one of oxygen, it is closed by a cork and is 
connected with the ground by a metal ^hain. If 
then the charged disc of the electrophorus be 
approached, a spark passes to the small knob, and 
at the same time another inside the cannon. This 
hatter causes the two gases to combine with a 
violent explosion which drives out the cork. Instead of hydrogen 
and .ox)'gen, a mixture of coal gas and air may be used. 
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chapter IV 

CONDENSATION OF ELECTRICITV 

460. The Leyden jar.—In 1745 Cun®us, of Leyden, wishing 
to electrify water contained in a flask, suspended to the con¬ 
ductor of an electric machine a wire, and then held the flask 
in one hand so that the wire just dipped in the water (fig. 485). 
The machine having been worked for some time, he accidentally 
touched the conductor, and in so doing receix ed a violcMit shock. 



Fig- 485- 


Muschenbroeck, his teacher, who repeated the experiment, received 
in the arms and breast a shock so violent that it was two days 
before he recovered from its effects ; and, writing to his friend 
Rdaumur, he said he would not repeat the experiment for the whole 
kingdom of France. 

In the previous year, Kleist, a German clergyman, in a private 
Id jetter to a friend, described an experiment which he had made, and 
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which was substantially the same as the above ; but it was the 
Dutch philosophers who investigated the conditions of success, and 
who gax'e the explanation of the phenomenon ; and accordingly it 
is in their honour that the name Leyden jar is given to the appa¬ 
ratus t<\ which their discovery gave rise. 

. ejb\. Electric condenser.—It is not difficult to see that in the 
above experiments the water and the hand play the part of two 
conductors separated by the insulating glass ; any arrangement in 
which these conditions are fulfilled would produce similar effects, 
for it would have the power of accumulating or condensing elec- 


c 
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trlcity, from which has been derived the term accinmdator or 
condem er. 

The action of the condenser may be conveniently illustrated by 
reference to that of Epinus (fig. 486), which consists of two metal 
plates, A and B, insulated by being supported on glass legs. Between 
tllem is a plate of glass or other solid insulator, and all these can 
be moved along a horizontal bar and fixed in any position. 

If the insulated metal pkte B is connected with the prime con¬ 
ductor of an electric machine which we will suppose gives when 
worked a'small but constant supply of electricity, it will acquire the 
potential of the machine, and the pith ball on B w'ill be repelled to 
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an extent indicating this potential. If now connection with the . 
^hachine is broken and the second plate A is brought near the first, 
-rthe divergence of the pith ball on 13 is less, showing that the poten¬ 
tial has fallen, while that on A diverges further. If the plate A is 
moved away, A’spith ball falls and B’s rises to its original amount, 
indicating that 13 has acquired its original potential. 

On now connecting the plate li with the prime conductorj while 
A is near it the machine must be worked some time before the 
divergence of the pith balls indicates that the plate has again 
acquired the potential of the machine. At this point equilibrium 
is established, and a limit to the charge is attained which cannot 
be exceeded, for the potential of 15 cannot rise above that of the 
machine. The effects described are more marked if the plate A is 
put to earth, and if the dielectric separating the two is a solid, 
such as glass or ebonite. 

It follows from this scries, of experiments that the presence of 
the second plate has enabled the first one to take a greater charge 
of electricity than when it is alone—in other words, has increased 
the capacity of the first plate. This is what is called condensa¬ 
tion or accumulation of electricity, and any aiTangeinent in which 
one conductor placed in connection with a source of electricity 
is separated by an insulator from a second conductor in conducting 
communication with the earth, is called a condenser, the former 
I plate being the collectings and the other ih& condensing plate. 

In however varied a manner these conditions are fulfilled, we 
have a condenser. Thus, when an electric machine is at work, 
and the knuckle is held at a certain distance from the prime con¬ 
ductor, sparks pass across with a frequency which, with the same 
rate of working the ^achine, depends on the distance. Here, in 
every stage of the working, electricity is being continuously pro¬ 
duced ) but only when it has sufficiently accumulated can it dis¬ 
charge across the layer of air between it and the knuckle. Here 
the prime conductor is the source of electricity, the layer of air is 
' the dielectric, and the knuckle is the conductor in connection with 
the earth. 

462. Slow discharge and instantaneous discharge.—While the 
jdates A and B are separated only by the glass plate C (fig. 485), 
and the connections interrupted, the condenser may be discharged 
either by a slow or by an instantaneous discharge. To discharge 
i it slowly, the plate B is touched with the finger and a spark passes, 
i if A be now touched, a spark passes, and so on by continuing to 
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touch alternately the two plates. The discharge only takes place \ 
slowly ; in very dry air it may require several hours. t 

An instantaneous discharge may be effected by means of the 
discharj^ng rod (fig. 489). This consists of two bent brass rods, 
termiiiatijng in knobs, joined by a hinge. If this be held in the 
hand as represented in fig. 489, and one knob be applied to one 
plafe of the condenser while the arc is bent, so that the second 
touches the other plate, just before contact a spark passes, which 
is due to the reunion of the two electricities accumulated in the 
condenser; no shock is felt, for the recombination does not take 
place through the arms and body of the experimenter, but through 
the metal arc, which is a far better conductor. 
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463. Amount of the charge of condensers.—'I he quantity 01 
electricity which can be accumulated in a condenser depends upon 
the electric potential of the prime conductor of the machine, and 
on the capacity of the condenser. The latter varies directly as 
the area of the plates, and inversely as the distance between them. 
There is another circumstance which influences the capacity of a 
condenser, and that is the nature of the insulator, or what is ^Iso 
calfed the dielectric^ itself. 

Two causes limit the quantity of electricity which can be accu¬ 
mulated. First, that the potential of the collecting plate gradually 
increases, and ultimately equals that of the machine, which 
cannot, therefore, impart any more electricity, %r electricity will 
only pass from a place at higher to a place at lower potential. 

00 
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The second cause is tlie imperfect resistance which the insulating 
plate offers to the recombination of the two opposite electricities ; 
for when the force which impels the two electricities to j:ecombine 
exceeds the resistance offered by the insulating plate, it is perforated, 
and the contrary electricities unite. 

The effect of charging the jar is to put the dielectric in a state 
of mechanical strain from which it is always trying to release it{»elf. 
The potential energy of this strain is the equivalent of the work 
done in charging the condenser. When the strain exceeds a certain 
limit, a discharge takes place t]||DUgh the mass of the dielectric, 
generally accompanied by light aUd sound, and with a temporary or 
permanent rupture of the dielectric according as it is fluid or solid. 
This is analogous to what takes place when a substance—^glass, for 
instance—is exposed to a continually increasing weight ; a point 
is ultimately reached at which the glass gives way, and the weight 
at that point is a measure of .the resistance to fracture of the glass. 
In like manner, the difference of potential at which the electric 
discharge takes place is a measure of the electric strength of the 
dielectric. This electric strength is greater in glass than in air, 
and in dense than in rarefled air. 

464. Specific inductive capacity. Dielectric constant.— 
Faraday made the %’ery important discovery that the insulator 
in a condenser does not play the merely passi^e part of separating 
the armatures or coatings (463), but has an essential influence on 
the condensation of electricity. Insulators differ in the facility 
w’ith w'hich they allow inductive actions to take place in them, a 
property which is not the same as insulation. Thus, if a condenser 
be formed in which the plates or armatures arc separated by a 
layer of air, and another w ith metal plates of the same area separated 
by a plate of paraffine of the same thickness, it will be found that, 
with the same source bf electricity, twice as much is condensed 
in the latter as in the former ; or, w'hat is the same thing, if the 
paraffine were twice as thick as the air, that is, the plates were 
at twice the distance apart, it would condense as much electricity 
as the air condenser. 

In this sense Faraday spoke of insulators as dielectrics, and' he 
applied the j^erm specific inductive capacity to express the varying 
extent to which they allow inductive actions to take place through 
them. The specific inductive capacity, or, as it is also called, 
the dielectric constant, of a substance, is the ratio of the charge 
which a condenser of that substance can acquire compared with 
that of a condenser, of the same dimensions, in which air is the 
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dielectric, the 'difference of potential between tlie plates in each 
casd being the same. 

The following are the dielectric constants of some substances 
compared with air as unity : - 

Air# . . .1*00 Glass . . 3'i6 

, 'Ppj-affine . . 2-00 ' Ebonite . . 3-23 

Petroleum . . 2*05 Sulphur . . 3-84 

Turpentine . 2-30 Ether . . . 4*56 

Electrification has hitherto always been supposed to be a pro¬ 
perty of conductors, not merely in condensers, but in the case of 
all its manifestations, and the space between the conductors has 
Ijeen regarded as merely passive. Faraday’s discovery is of far- 
reaching importance ; it has led to a complete revolution of previous 
conceptions as to electricity; we are to look for the seat of 
electrification in the dielectric itself aiid not in the conductor. 

If a positively charged body be placed near a disc of sulphur, the 
latter is electrified by induction, like a conductor, negatively on the 
anterior and positively on the posterior side. It may be assumed 
that by induction the individual molecules are electrified negatively 
on the anterior and positively on the posterior faces : in the interior 
of the insulator each positive is neutralised by the negative on the 
ne\t molecule, so that only on the surface layers does electricity show 
itself. This process Faraday calls dielectric polarisation. 

An experiment by M.atteucci may be cited in support of it. 
He placed sexeral thin plates of mica close together, and pro¬ 
vided the outside ones with metallic coatings. Having electrified 
the system, the coatings were removed by insulating handles, and 
on examining the plates of mica successively, each w'as found 
charged with positive electricity on one side and negative electricity 
on the other. 

F'araday’s ideas, developed theoretically by Maxwell, have of 
late received remarkable confirmation from the experiments of 
Hertz. They reveal the close connection between light, radiant 
heat, and electricity, and they show that tliese various phenomena 
art produced by different rates of vibration of the particles of the 
same medium, the luminiferous ether, electric waves being over 
half a million times as long as the average light waves. 

■By means of apparatus of suitable dimensions Hertz succeeded 
in reproducing all the ordinary phenomena of light, reflection, re¬ 
fraction, etc., by means of electric Weaves. 
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The new views will ultimately lead to a complete recasting of 
our conceptions of electricity and of the mode of presenting them. 
They have not, however, as yet been so far worked out in detail as 
to be suited for elementary instruction. 

a 6; . Lev^p " THo. ordinary form of the Lc>den jar (460) 
or flask consists of a glass bottle with a wide mouth, coated 
inside and outside with tinfoil up to a certain distance from 
the bottom. The neck is provided with a stopper of hard-baked 
wood, through which passes a brass rod, which terminates at 
one end in a knob, and communicates with the tinfoil in the 
interior. The metallic coatings are called respectively the internal 
and external armatures or toatings. Like any other form Oi 
condenser, the jar is charged by connecting one of the armatures 



with the ground and the other with the souice ot electricity. 
When it is held in the hand by the external coating, and the knob 
presented to the conductor of the machine (fig. 488) which is being 
worked, positive electricity is accumulated on the inner, and 
negative electricity on the inside of the outer, t oating. The reverse 
is the case if the jar is held by the knob and the external coating 
presented to the machine. The explanation of the action of the 
jar is the same as that of the condenser (fig. 486), and what has 
•|)een said of this applies to the jar, substituting the tw'o armatures 
for the two plates, A and B, of the condenser. 

^ Like any other form of condenser, the Leyden jar may be dis- 
dfeirged either slowly or instantaneously. For the latter it is held 
in the hand by the outside coating, and the two coatings are then 
covMbQtcd by means of the simple discharger (fig. 489). Care 
taken to touch ^rst the external coating with the dis- 
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charger, otherwise a smart shock will be felt. To discharge it 
slowly the jar is placed on an insulated plate, and first the inner 
and then the outer coating touched, either with the hand or with a 
nietallicT conductor. A light spark is seen at each contact. 

Fig. represents a very pretty experiment for illustrating the 
slow’ discharge. The rod tonnccting with the inner coating 
tenninates in a small bell, //, and the outside coating is connected 
with an upright metal support, on w’hich is a similar hell, e. 
Betw’een the tw’o bells a gilt pith ball is suspended by a silk thread. 
The jar is then charged in the usual manner, and placed on the 
support, m. The internal armature contains a quantity of free 
elertrinty ; the pendulum is attracted and immediately repelled, 
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striking against the second bell, to which it imparls its free 
electricity. Being now neutralised, it is again attracted by the 
first bell, and so on for some time, especially if the air be dry and 
the jar pretty large. 

When a jar has been discharged and allow’ed to stand a short 
time, a second charge may be taken, which is due to the electric 
residue or residual charge. The jar may be again discharged, and 
a second residue will be left, feebler than the first, and so on for 
three or four rimes. The residue is greater the longer the jar has 
remained charged. The magnitude of the residue further depends 
on the amount of the charge, and also on the degree in which the 
metal plates arc in contact with the insulr tor. It seems to be due 
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"to penetration of some of the electricity into the dielectric, from 
which it does not at once pass to the surface when the jar is first 
discharged. Or, in accordance with the ‘ strain ’ theory‘(463), the 
strain to which the dielectric is subjected is relieved when fhe con¬ 
denser is discharged. If the dielectric is air^ the relief is absolute ; 
there is no residual charge ; but if the dielectric is glass or other 
solid material, the relief of the strain on connecting the coatings is 
only partial, and further relief (residual discharge) is obtained on 
again connecting the coatings. 

466. Electric battery.—The charge which a Leyden jar can 
take depends on its size and the thickness of the glass, but very 
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large Jars are expensfVe, and liable to break ; and when thin, the 
accumulated electricities are apt to discharge themselves through 
the glass, especially if this is not quite homogeneous, for the 
dielectric itself when charged is in a state of mechanical strain. 
Leyden jars have usually from ^ to 3 square feet of coated surface. 
For more powerful charges electric batteries are used. 

An electric battery consists of a series of Leyden jars, whose 
inner and outer coatings are respectively connected with each other 
(fig. 491). They are usually placed in a wooden box lined on the 
bottom -with tinfoil. This lining is connected with two metal 
handles in the sides of the box. The inner coatings are con¬ 
nected with each other by metal rods, and the battery is charged 
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by placing th€ inner coatings in connection with the prime con¬ 
ductor, while the outer coatings are connected with the ground by 
means of a chain fixed to the handles. A Henley’s quadrant 
electrohieter fixed to one jar serves to indicate the potential of the 
battery.^ The number of jars is usually four, six, or nine. The 
larger and more numerous they are, the longer is the time re¬ 
quired to charge the battery, but the effects are so much the more 
powerful. 

When a battery is to be discharged the inner and outer 
coatings are connected by means of a discharging rod, the outside 
coating being touched first. Great care is required, for with 
^ large batteries serious accidents may occur, resulting even in 
death. 

467. JDissected ^Leyden jar^r-We have seen that the insulating 
medium or dielectric (463) in the Leyden jar plays a most important 



Fig. 492, 

part, and it is there, and not on the metallic coatings, that the elec, 
iricity is stored up. This is illustrated by the experiment of the 
dissected l^yden jar, which consists of a sbmewhat conical glass 
vessel, b, with movable coatings of tin, C and D. These separate 
pieces, placed one in the other, as shown in A (fig. 492), form a 
complete Leyden jar. After having charged the jar, it is placed* 
on .an insulating cake ; the internal coating is first removed by " 
the hand, or, better, by a glass rod, and then the glass vessel. 
The coatings are found to contain little or no electricity, and if 
they are placed on the table they are restored to the neutral state. 
Nevertheless, when the jar is put together again, as represented 
in the figure at A, a shock may be taken from it almost as strong 
as if the coatings had not been removed. It is therefore concluded 
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^atthe coatings principally play the part of conductors, distributing 
the electricity over the surface of the glass, which thus becomes 
polarised or strained, and retains this state even when placed on 
the table with the coatings removed. 

The experiment may be conveniently made from an ordinary 
glass vessel by forming it in^ a Leyden jar, of which the inside 
and outside coatings are of mercury ; charging it; then, ''hav'mg 
mixed the two coatings, tl^ apparatus is put together again, upon 
which a dtecharge may be^once more taken. It may also be made 
by means of an Epinus condenser (461). 

468. CQn4.^8mg -electrosGopa*—We shall conclude tlr s ac¬ 
count of condensers by d ese r i bmg ’^n application which Volta made 
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of the principle of condensation to the ordinary gold-leaf electro¬ 
scope, by which a far greater degree of delicacy is attained (fig. 
493). The rod to which the gold leaves are affixed terminates in 
a disc instead of in a knob (fig. 452), or instead of the sphere (fig. 
453), and there is another disc of the same size provided with an 
insulating glass handle. Each disc is covered with a layer of 
\ insulating shellac varnish (fig. 494). 
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To render very small differences of potential perceptible by this 
apparatus, one of the plates, which thus becomes the collecting 
platCy is. touched with the body under examination. The other 
plate, -the condensing plate^ is connected with the ground, by 
touching it w'ith the finger. The electricity of the body, being 
diffused over the collecting plate, acts inductively through the 
vatnisd on the neiitml electricity of the other plate, attracting the 
opposite electricity, but repelling that of like kind. The two 
electricities thus become accumulated on the two plates just as in 
any other condenser, but there is no divergence of the leaves, for 
the potential of the body is too low. The finger is noi^ removed, 
and then the source of electricity, and still there is no divergence ; 
* but if the upper plate be now raised (fig. 494) the capacity of the 
electroscope is very much diminished, and the charge of electricity 
remaining constant, it follows that the potential rises, and may rise 
sufficiently to cause an appreciable divergence of the leaves. The 
delicacy of the apparatus is increased by adapting to the foot of 
the apparatus two metal rods, which are in conducting communi¬ 
cation with the,earth, terminating in knobs ; for these knobs, being 
•excited by induction from the gold leaves, react upon them, and, 
attracting them, increase their divergence. 
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chapter V 

VARIOUS EFFECTS OF ACCUMULATED ELECTRIC ITY 

469. Effects of the electric discharge.—The recombination 
of the two electricities, which constitutes the electrical discharge,- 
may be either continuous or sudden : continuous^ or of the nature 
of a current, .is when the two conductors of a cylinder machine are 
joined by a chain or a wirq ; and sudden.^ as when the opposite 
electricities accumulate on the surface of two adjacent conductors 
until their mutual attraction is strong enough to overcome the 
intervening resistances, whatever they may be. But the difference 
between a sudden and a continuous discharge is one of degree and 
not of kind, for there is no such thing as an absolute non-conductor, 
and the very best conductors, the metals, offer an appreciable 
resistance to the passage of electricity. Still, the difference at the 
two extremes of the scale is sufficiently grefjit to give rise to a wide 
range of phenomena. 

When the spark produced by the discharge of a Leyden jar is 
examined by means of a rotatory mirror, it forms a band, and on 
close examination this band is seen to be made up of a number of 
alternate dark and light spaces gradually becoming weaker. It 
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thus appears tluit the discharge of the Leyden jar does not consist 
m a mere union of the positive and negative electricities, but is 
made up of a series of oscillating discharges in alternately opposite 
directions. The shorter and the better conducting is the circuit 
through which the Leyden jar is discharged, the greater is the 
number of oscillatory discharges ; conversely the number of these 
discharges decreases as the resistance of the circuit through 
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which the discharge takes place increases. With a very great 
resistance—for instance, by the interposition of a wet string—the 
alternating discharge changes into a simple one. 

We’ may compare a dielectric in a state of strain (463), like the 
glass o^ a charged Leyden jai-, to a narrow steel plate, clamped 
at jone jgnd ; if the free end is pulled aside, the plate is in a state of 
strain, and when this strain is removed the plate comes to rest after 
making a series of oscillations. To prevent these oscillations the 
plate must be exposed to a great resistance, by being placed, for 
instance, in a viscous liquid ; so, too, by offering a great resistance 
to the electric discharge, it becomes continuous. 

These oscillatory discharges may be illustrated by means of a 
simple hydrostatic experiment. Suppose that in the U-tube 
(fig. 496) is a valve S, by which the two limbs 
may be separated, and that water is poured in one 
so that it is at a height L above the Iftvel OO and 
in the other at a corresponding distance, I/, below ' 
the level. When the valve is suddenly opened, 
the water passes through, and only comes to rest 
*in the position OO, after several oscillations. If 
the valve is only slightly opened so that great 
resistance is offered, the water slowly sinks to its 
level and there are no oscillations ; this corresponds to the case in 
which the electric resistance is very great. 

The oscillatory nature of the discharge was confirmed by the 
observations of Paaizow on the luminous phenomena seen in highly 
rarefied gases when the discharge takes place in them, as well as 
by the manner in which a magnet affects the phenomena. 

470.* Physiological effects.—The physiological effects are those 
produced on living beings, or on animals recently deprived of life. 
In the first case, they consist of a violent excitement which elec¬ 
tricity exerts on the sensibility and contractility of the organic 
tissues through which it passes ; and, in the latter, of violent^ 
muscular convulsions which resemble a return to life. 

The shock from the electrical machine has been already 
noticed. The shock taken from a charged Leyden jar, by grasping 
the outer coating with one hand and touching the inner with 
the other, is much more violent, and has a peculiar character. 
With a small jar the shock is felt in the elbow j with a j.ar of about 
a quart capacity it is felt across the chest, and with jars of still 
larger dimensions in the stomach. 
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. A shock may be given to a large number of persons simul¬ 
taneously by means of the Leyden jar. For this purpose they must 
form a chain by joining hands. If then the first touches the out¬ 
side coating of a charged jar, while'the last at the same time 
touches the knob, all receive a simultaneous shock, the iptensity 
of which depends on the charge and on the number of ij^ersons 
receiving it. Those in ;ihe centre of the chain are found to 
receive a less violent shock than those near the extremities. The 
Abbd Nollct discharged a Leyden jar through an entire regiment 
of 1,500 men, all of whom received a violent bhock in the arms 
and shoulders. 

With large Leyden jars and batteries the shock is sometimes , 
very dangerous. Priestley killed rats with batteries of 7 square 
feet coated surface, and cats with a battery of about 4J square 
yards coating. 

471. Heating effects.—Besides being luminous, the electric 
spark is a source of intense heat. When it passes through in¬ 
flammable liquids, such as 
ether or alcohol, it ignites 
them. An arrangement 
for effecting this is repre¬ 
sented in fig. 497. It is 
a small glass cup, through 
the bottom of which passes 
a metal rod, terminating 
in a knob and fixed to a 
metal foot. A quantity of 
liquid sufficient to cover 
the knob is placed in the 
vessel. The outer coal¬ 
ing of the jar having been 
connected with the foot 
by means of a chain, the 
spjirk which passes when the two knobs are brought near each 
other inflames the liquid.* With ether or bisulphide of carbon, 
the experiment succeeds very well, but alcohol requires to be firs’t 
warmed. 

The experiment may also be simply made without any special 
apparatus ; a brass rod, connected by a chain with the outer coating 
of a charged Leyden jar, has a brass knob at one end which is 
wrapped round w'ith a few layers of muslin this is dipped in ether. 
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and on bringing it near the inner coating the ether is at oncse 
ignited. 

Coal .gas may also be ignited by means of the electric spark. 
A person standing on an insulated stool places one hand on the 
conductor of a machine, which is then worked, while he presents 
the other to the jet of gas issuing from a metallic burner. The 
sp%rk ‘^ich passes ignites the gas. This experiment may be 
curiously varied by igniting the gas by means of a piece of ice 
held in the hand. 
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A metal wire th-rough which a battery is discharged becomes * 
incandescent, and may be melted or even volatilised, provided the 
charge be sufficiently powerful.' 

For this experiment an apparatus is used which is called 
Hen ley's or the unive rsal disc Mrger , for it may be employed in 
a hdst of experiments on the electric discharge. It consists 
(fig. 498) of two brass rods, A and B, each insulated on a glass 
stem. These rods can slide along hmged jo'nts, so that they can 
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be adjusted at any distance from each other and inclined in any 
(firection Between them is a small table support, M, which can 
be placed at any height, and which is intended to support objects 
which are to be submitted to the action of the discharge 

The metal w ire which is to be melted is fixed at i to two knobs 
fastened on the rods , then, connecting one of these by means of a 
chain with the outside of a powerful battery, the other is uroughl 
in cont ict with the inner coating, either by means of the discharging 
rod or by a chain attached to a metal rod fixed on a glass handle 
The moment the spark passes between the knob and the battery, 
the wiie, if it IS fine enough, is melted in incandescent globules, 
and IS even yol itilised—that is, con\erted into vapoiii which dis 
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appciis in the atinosfAcie If the wire is thickei, it simply 
becomes ltd hoi, but does not melt, and if still laigcr, it is merely 
heated without becoming luminous 

The laws of this heating, effect have been investigated by the 
'apparatus illustrated in fig 499, known as the electric thermo 
meter It consists of a glass bulb closed by a stopper, and 
attached to a capillary tube, which is bent twice and terminates in 
an enlargement, this contains coloured liquid The whole 
apparatus is fixed on a hinged support. A, which woiks on the base, 
B, so that It can be inclined and fixed at any given angle Before 
the experiment is made the stopper, is openeu to equalise the 
piessure on the two ends of the liquid Between the terminals, a 
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and a fine platinum wire spiral is stretched When a Leyden 
jar IS discharged through the wire becomes heated, expands 
the air in the bulb, and the expansion is indicated by the motion 
of the liquid along the graduated stem of the thermometer In 
this wa]^ It was found that the heat in the wire is proportional to 
the square of the quantity of electricity and inversely proportional 
to^he capacity of the Leyden jar 

Fig 500 represents the maiks left on a piece of glass by a 
narrow strip of tinfoil fused by the discharge of a Leyden 
battery 

When an electric discharge is sent through gunpowder placed 
on the table of a Henley’s dis 
charger, the powdei is not ignited, 
but is scattered in all directions 
But if a wet stung be interposed 
m the ciicuit, a spark passes 
which Ignites the powdti This 
arises Irom the retardation which 
electricit> expeiienres in travel sing a semi conductoi, such as a 
*wet string , foi the heating effeit is pioportional to the duration 
of the dischai ge 

472 Electric portraits — Ihe vol itilisation of metals by the 
electrical discharge is applied to make what aie called eiciUit, 
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j>ortt atfs !• 01 this purpose a thin card is taken of the shape ab n 
(fig 501), and th** design to be copied is cut out of the central part, 
<r, the terminal parts, a and by being coveied with tinfoil A leaf 
of gold IS then placed upon the design, care being taken that it 
touches both the pieces of tinfoil, a and b The lateial portion of 
the card, w, is then bent ovei, the raid plated on a silk nbbon, 
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a#id the whole pressed in a frame, P. When the discharge is 
passed from a to the tinfoil, being relatively thick, is not melted ; 
but the gold, which is very thin, is volatilised, and forms on the 
ribbon through the pattern a bro>\n coating, which reproduces all 
the details as seen in R. 

473 * Mechanical effects.—The mechanical effects are the vio¬ 
lent lacerations, fractures, and sudden expansions whicR enlue 
when a powerful discharge is passed through a badly conducting 
substance. Glass is perforated, wood and stones are fractured, 
and gases and liquids are violently disturbed. The mechanical 
effects of electricity may be demonstrated by a variety of experi¬ 
ments. The body to be submitted to experiment is placed on the 
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table, M (fig. 498), in contact with the two knobs which terminate 
the rods A and B, so that they cannot receive the discharge with¬ 
out transmitting it through the object on the table. Thus, for 
instance, if a piece of wood is placed so as to be struck in the 
direction of the fibres, it is smashed into pieces the moment the 
' discharge passes. 

J*'ig. 502 represents an arrangement for perforating a piece of 
glass or card. It consists of two glass columns, with a horizontal 
cross-piece, in which is a pointed conductor. The piece of glass 
is placed on an insulating glass support, in which is placed a second 
rCOUductor terminating also in a point, which is connected with the 
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outside of the battery, while the knob of the inner coating is 
brought near the other knob. When the discharge passes between 
the two conductors, the glass is penetrated. The experiment only 
succeeds with a single jar when the glass is very thin ; otherwise 
a battery /nust be used. 

When.jthe discharge takes place through a piece of cardboard 
between two points exactly opposite each other, the line of perfora¬ 
tion is quite straight; but if y 

not exactly opposite, a slight / . ^ 

’hole is seen near the negative ^ ^ 

point. This phenomenon, 

lyhich is known as Lullin's experiment^ is probably connected with 
the fact that electricity is discharged more readily from a nega¬ 
tively than from a positively charged point. 

If the discharge be passed between the knobs a and b (fig. 503) 
in a glass tube containing water, the explosion is so violent that the 
tube is smashed. 

dt 474. Chemical effects.—The chemical effects are the decom¬ 
positions and recombination*’ effected by the passage of the 
electric discharge. An instance of chemical combination brought 
about by the electric spark has been already given in the formation 
of water, shown in fig. 

484. Priestley found 
that when a series 
of electric sparks was 
passed through moist 
air contained in a bent 
tube over mercury 
(fig. 504), its volume 
diminished, and blue litmus introduced into the vessel was reddened. 
This, Cavendish found, was due to the formation of nitric acid. 

Water may conversely be decomposed by electric sparks. 
This is best effected by means of what are called Wollastorts 
points^ which consist of fine platinum wires fused into capillary 
glass tubes, and filed away so that only the section of the wire is 
presented to the liquid. If two such points placed in water (fig. 
505) are connected, by means of mercury in the tubes and the 
wires d, with the electrodes of a Wimshurst machine, or, in the 
case of a frictional machine, one with the prime coliductor and the 
other with earth, there being in either case a spark-gap of about a 
millimetre, it will be found that minute bubbles of oxygen gas are 
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given off at the point at which the positive electricity enters, or 
the positive pole, while about twice the quantity of hydrogen gas 
is given off at the negative pole. If the experiment be made 
with solution of copper sulphate, oxygen is still given off at the 
positive pole, while the negative becomes coated with metallic 
copper. 

Decomposition of salts may also be easily shown by Faraday’s 
experiment (fig. 506), which consists in placing discs of blotting- 
paper, B and D, soaked with solution of the salt in question, on a 
tabic A. Connection is established between the discs, and with 
the prime conductor, C, on the one hand, and the earth on ihe 
other, by means of fine platinum wire. If the solution is one of a 
neutral salt—sodium sulphate, for example—decomposition takes 
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place when the machine is worked, and free acid, recognisable by 
its action on litmus, is liberated at B, while D indicates the presence 
of free alkali. 

Among the chemical effects must be enumerated the formation 
of oeow, which is recognised by its peculiar odour and by its 
chemical properties, which are like those of oxygen, but far more 
energetic. The odour is perceived when an electric machine is 
at work and electricity issues through a series of points from a con¬ 
ductor into the air. It has been ascertained to be an allotropic 
modification of oxygen, which has properties the same in kind as 
those of oxygen, though much more powerful in degree. 

475 - Magnetic effects.-^By the discharge of a large Leyden 
jar or battery, a steel wire may be magnetised if it is laid at right 
angles to the conducting wire through which the discharge is 
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passed, either in contact with the wire or at some slight distance. 
And even with less powerful discharges a steel bar or needle 
may be magnetised by placing it inside a spiral of fine insulated 
copper wire (fig. 507). On passing the discharge through this wire 
the needte becomes magnetised. If 
the jk^irc coiled round the needle in 
the same direction as that in which the 
hands of a watch move, the south pole 
is at that end at which the positive 
‘electricity enters. If, on the contrary, 
the wire is coiled in the opposite direc¬ 
tion to the hands of a watch, the north 
pole is at the end at which the positive 
electricity enters. 

The polarity of the needle is gene- Fig. 507. 

rally as stated above ; it is, however, 

sometimes found that the passage of an electric discharge through 
the spiral produces very little magnetic effect on the needle, and 
occasionally the polarity is opposite to what we should expect. 
These anomalies are due to the oscillatory character of the discharge 
of a Leyden jar (469). Uniform results arc obtained when a wet 
string is included in the circuit. 

The magnetic action may also be illustrated by discharging a 
charged condenser through a galvanometer (521), which must have 
a long coil of well-insulated wire. A momentary deflection, or 
fhroWy of the needle is produced, which is a measure of the quantity 
of electricity with which the condenser is charged. If the terminals 
of the galvanometer are connected with the electrodes of a Wims- 
^ hurst machine in action, a steady deflection of the needle is 
obtained. 

O 476. Inductive effects of the Leyden discharge. —The discharge 
of a Leyden jar can induce a discharge in a separate conductor, as 
may be illustrated by the apparatus represented in fig, 508. B and 
C are flat coils of insulated wire fastened on glass plates. One 
end, of the wire on B is connected with the discharging rod, and 
the other with the outside coating of a charged Leyden jar. When 
the spark passes, electricity traversing the wire on B acts by induc¬ 
tion on.the wire on C, and produces a momentary current in this 
wire. A person holding two brass handles, and connected 
with the two ends of the wire on C, receives a shock, the strength 
of which is greater in pronortion as B and C are nearer. By 

p p 2 
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introducing a fuse, or a magnetising spiral, between A, and //g, the 
fuse will be discharged, and the spiral magnetises a steel needle 
placed in it. 



FIr. so8 . 

The experiment may also be made by simply twisting together 
two lengths, of a few feet of gutta-percha-covered copper-wire. The 
end of one length being held in the hand' an electric discharge is 
passed through the other length. 
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CHAPTER VI 

ATMOSPHERIC ELECTRICITY. THUNDER AND LIGHTNING 

477. Thunder and lightning^ the effects of electricity.—The first 
physicists who observed the ramified motion of the electric spark 
compared it to the gleam of lightning, and its crackling to the 
sound of thunder. But Franklin, by the aid of powerful electric 
batteries, was the first to establish a complete parallelism between 
lightning and electricity; and in a ipemoir published in 1749 he 
pointed out the experiments necessary to attract electricity from 
the clouds by means of pointed rods. The electric fluid, said he, 
in concluding his memoir, is attracted by points ; we know not 
whether lightning is endowed with the same property; but since 
electricity and lightning agree in all other respects it is probable 
they will not differ in this-and the ej^eriment should be made. 
The experiment was tried by Dalibard in Franee ; and Franklin, 
pending the erection of a pointed rod on a spire in Philadelphia, 
liad the happy idea of flying a kite, provided with a metal point, 
which could reach the higher regions of the atmosphere. In June 
1752, during stormy weather, he flew the kite in a field near Phila¬ 
delphia. The kite was flown with ordinary packthread, at the end 
of which Franklin attached a key, and to the key a silk cord, in 
order to insulate the apparatus ; he then fixed the silk cord to a 
tree, and having presented his hand to the key at first he obtained 
no spark. He was beginning to despair of success, when, rain 
having fallen, the cord became a good conductor, and a spark 
passed. Franklin, in his letters, describes his emotion on witness¬ 
ing the success of the experiment as being so great that he could 
not refrain from tears. 

Franklin, who had discovered the property of points (455), but 
who did not understand its explanation, imagined that the kite 
withdrew from the clouds its electricity ; it is, in fact, a simple case 
of induction, and depends on the inductive action which the 
thunder-cloud exerts upon the kite and the cord. 
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478. Atmospheric electricity.—In order to ascertain the pre¬ 
sence of electricity in the atmosphere, many forms of apparatus 
have been used. To observe the electricity in fine weather, 
an electrometer may be used, as devised by Saussure for this 
kind of investigation. It is an electroscope similar to that 
already described, but the rod to which the gold leaves are 

fixed is surmounted by a conductor two feet 
in length, and terminating either in a knob 
or a point (fig. 509). To protect the appa¬ 
ratus against rain, it is covered with a metal 
shield four inches in diameter. The glass 
case is square, and a divided scale on .s 
inside face indicates the divergence of the 
gold leaves. 

To ascertain the electric state of the atmo¬ 
sphere, ^aussure also used a copper ball, which 
he projected vertically with his hand. This 
ball was fixed to one end of a metal wire, the 
other end of which was attached to a ring, 
which could glide along the conductor of the 
electrometer. From the divergence of the gold 
leaves the electric condition of the air at the 
height which the ball had attained could be 
determined. Becquerel, in experiments made 
on Mont St. Bernard, improved Saussure’s 
apparatus by substituting for the ball an arrow, 
which was projected into the atmosphere by 
means of a bow. A gilt silk thread, eighty- 
eight yards long, was fixed with one end to 
the arrow, while the other was attached to the 
stem of an electroscope. 

Volta charged a small Leyden jar with the 
electricity in the air by an arrangement repre¬ 
sented in fig. 510. An ordinary rod is held in 
the hand, provided at one end with a brass 
ferrule in which fits a glass rod; this in turn is provided with a 
ferrule in which is fixed a pointed metal rod, E. At the end of 
this is a cotton wick, G, soaked in spirits of wine. A wire, H, 
connects the wick to the inner coating of a small Leyden jar, the 
outer coating of which is held in the hand. Instead of the Leyden 
jar a small electroscope may be used with this arrangement. 
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Sometimes .also kites are used,|provided with a point, and 
connected by means of a gilt cord with an electrometer. Cdptive 
balloons are likewise similarly used. 

A good collector of atmospheric electricity consists of a fishing- 
rod with an insulating handle, which projects from an upper 
window.* At the end of the rod is a bit of lighted tinder, held in 
metal forceps, the smoke of which, being an excellent conductor, 
conveys the electricity of the air down an 
insulated wire attached to the rod. A sponge 
moistened with alcohol, and set on fire, is 
also an excellent conductor. 

479 - Ordinary electricity of the atmo- 
* sphere.—By means of the various apparatus 
which have been described, it has been 
found that the presence of electricity in the 
atmosphere is not confined to stormy weather, 
but that the atmosphere always contains 
electricity—generally positive, though occa¬ 
sionally negative. In other words, the electric 
.potential at any point in the atmosphere is 
generally above, and only occasionally below, 
that of the earth ; so that if the point in 
question is connected by a wire with the 
earth, there is generally a flow of positive 
electricity down the wire. When the sky is 
cloudless, the potential is always positive, 
but it varies in amount with the height of 
the locality and with the time of day. The 
potential is greatest in the highest and most 
isolated places. No trace of electricity is 
found in houses, streets, or under trees ; in 
towns, positive electricity is most perceptible 
in large open spaces, on quays, or on bridges. 

In all cases, positive electricity is only found at a certain height 
above the ground. On flat land it only becomes perceptible at a 
height of five feet; above that point it increases according to a 
law which is not made out, but which seems to be affected by the 
hygrometric state of the air. 

When the sky is clouded, the electricity is sometimes positive 
and sometimes negative. It often happens that the electricity 
changes its sign several times in the course of the day, owing to the 
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passage of an electrified cloud. During storms, and when it rains 
or snows, the atmosphere maybe positively electrified one day, and 
negatively the next, and the numbers of the two sets of days are 
virtually equal. The electric potential at a given position above 
the ground is relatively high during fog, and is nearly always 
positive in fine weather. It increases in general with the’ density 
of the fog. ' ■ ; 

The electricity oi the ground was found by Peltier to be always 
negative, but to different extents, according to the hygroinetric 
state and temperature of the air. 

Many hypotheses have been propounded to explain the origin 
of atmospheric electricity. Some have ascribed it to the frictiun 
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of the air against tjjc ground, some to the growth of plants, or to 
the evaporation of water. Several causes m.'iy, in fact, concur in 
producing the phenomena, and it must be admitted that at present 
we are unable to give any satisfactory explanation. The fact that 
• the most powerful atmospheric phenomena are accompanied by 
enormous downpours of rain and hail seems to indicate a connec¬ 
tion between the excitation of electricity and the condensation ©f 
aqueous vapour, which has not, however, been put on an experi¬ 
mental basis. I’hus, in volcanic outbursts, large masses of aqueous 
vapour ascend and condense at a height, forming a massive cloud, 
which, after sending forth lightning-flashes accompanied by thunder, 
is resolved into rain. 
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480. Lighthing.—This, as is well known, is the dazzling Ught 
emitted by the electric spark when it shoots from clouds charged 
with electricity. In the lower regions of the atmosphere the light 


Fig. S12 Fig. 513. 

is white, but in the higher regions, where the air is more rarefied, 
it takes a violet tint, as does the spark of the electrical machine in 
a rarefied medium (456). 

, The extremely sensitive pholographic.dry plates now made (404) 


Fig. SM 

nave' put into the hands of meteorologists a powerful means of 
studying the exact forms of lightning flashes. Figs. 511 to 514 are 
reproductions of photographs of lightning taken at various times 
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^and places, selected by a Committee of the Royal Meteorological 
Society, as representing actual typical forms. 

Streafn lightning (fig. 511) is rather a rare form ; it consists of 
a plain, broad, rather smooth streak of light. Sinuous lightning 
(fig. 514) is the commonest type : the flash maintains some general 
direction, but the line is sinuous, bending from side to side in a 
very irregular manner. In ramified lightning (fig. 512) part of 
the Hash appears to branch off from the main streak, like the 
fibres from the root of a tree. In meandering lightning, as in fig. 
513, the flash appears to meander about without any definite 
course, and forms small irregular loops. Occasionally a series 
of bright beads appears in the general wide streak of lightning. 
Sometimes these beads seem to coincide with bends in the 
meandering type, but they often appear without any evident 
looping of the flash. 

A lightning-flash between a cloud and the earth may be 
regarded as the discharge of a condenser whose coatings are 
the charged clouds and the earth, the intervening air being the 
dielectric. And as with a Leyden jar the discharge is ordinarily 
oscillatory in character (469), so is it also in the case of ? 
lightning-flash. The discharge oscillates to and fro between the 
cloud and the ground, the whole series of alternations taking place 
in a minute fraction of a second and appearing to the eye as a single 
flash. Only in the case of meandering lightning (fig. 513) is the 
discharge probably non-oscillatory. 

Besides these types there are also the flashes which, instead 
of being linear, like the preceding, fill the entire horizon without 
having any distinct shape. This kind, which is most frequent, 
appears to be produced in the cloud itself, and to illuminate the 
mass. Another khid is called heat or sheet or summer lightning, 
because it illuminates the summer nights without the presence of 
any clouds above the horizon, and without producing any sound. 
The most probable of the many hypotheses which have been pro¬ 
posed to account for its origin is that which supposes it to consist 
of ordinary lightning-flashes, which strike across the clouds at such 
distances that the rolling of thunder is so enfeebled as not to affect 
the ear of the observer. 

Thus, Luke Howard observed at Tottenham, while the sky was 
perfectly clear, abundant sheet lightning in a south-easterly direc¬ 
tion, and afterwards learned that there had been at the same time 
a violent thunderstorm between Dunkirk and Calais, a distance 
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of over 100 miles. Lightning is visible at a distance of 150 
miles, while thunder is not heard at a greater distance than 
17 milc^. 

There is, further, the rarer phenomenon of lightning-flashes' 
which appear in the form of globes of fire, known also as fireballs. 
These, *which are sometimes visible for as long as ten seconds, 
doscendfrom the clouds to the earth with such slowness that the 
eye can follow them. They often rebound on reaching the ground ; 
at other times they burst and explode with a noise like that of the 
report of many cannon. This is sometimes known as globe light¬ 
ning or thunderbolts^ and its existence might even be doubted if 
M. Plants had not obtained, by means of batteries of very high 
potential, discharges which at times took the form of a luminous 
sphere. 

The duration of the light of the first three kinds does not amount 
to the one hundred thousandth of a second, as has been deter¬ 
mined by Wheatstone by means of a rotating wheel, which was 
turned so rapidly that the spokes were invisible (377); on illumi¬ 
nating it by the lightning-flash, its duration was so short that, 
.whatever the velocity of ’•otation of the wheel, it appeared quite 
stationary—that is, its displacement was not perceptible during the 
time the lightning existed. 

The length of a flash of lightning may be ascertained by deter¬ 
mining its angular extent, and the time which elapses between its 
appearance and the subsequent thunder. This time in seconds, 
multiplied by the velocity of sound, in feet per second, gives the 
radius in feet of the arc traversed. 

The light produced by a ligh<;ning-flash must be comparable to 
that of the sun in brightness, though it does not appear to us 
brighter than ordinary moonlight. But considering its excessively 
brief duration, and that the full effect of any light on the eye is only 
produced when it-* duration is at least the tenth of a second, it 
follows that a landscape continuously illuminated by the lightning- 
flash would appear 100,000 times as bright as it actually appears^ 
to us during the flash. 

• 481. Thunder. — Thunder is a violent report which succeeds 
lightning in stonny weather; it is the crack of the ordinary 
electric spark on a large scale. The lightning and the thunder are 
always simultaneous, but an interval of several seconds is generally 
observed between the perception of these two phenomena, which 
arises from the fact that sound only travels at the rate of about 
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1,100 feet in a second (175), while the passage of Jight is almost 
instantaneous. Hence an observer will only hear the noise of 
thunder five or six seconds, for instance, after the lightning, accord¬ 
ing as the distance of the thunder-cloud is five or six times 1,100 
feet. The noise of thunder arises from the disturbance which the 
electric discharge produces in the air. Near the place where the 
lightning strikes, the sound is hard and of short duration. A^ a 
greater distance a series of reports are heard in rapid succession. 
At a still greater distance the noise, feeble at the commencement, 
changes into a prolonged rolling sound of varying intensity. Some 
attribute the noise of the rolling of thunder to the reflections of 
sound from the ground and from hills, clouds, and buildings, which 
do not all reach the ear at the same time. Others have considered 
the lightning, not as a single discharge, but as a series of dis¬ 
charges, each of which gives rise to a particular sound ; but as 
these partial discharges proceed from points at different distances, 
and from zones of unequal density, it follows not only that they 
reach the ear of the observer successively, but that they bring 
sounds of unequal intensity, which occasion the duration and in¬ 
equality of the rolling. The phenomenon has finally been ascribed 
to the zigzags of lightning themselves, assuming that the air at 
each salient angle is at its greatest compression, which would 
produce the unequal intensity of the sound. One observer gives 
the duration of thunder as varying from tw® to eighty seconds. 

Thunder-clouds are usually flat at the bottom, while above 
are more or less dense masses of cloud piled up in peaks and 
hillocks. In reflected light such clouds are brilliantly white, but 
from their great density they transmit but little light, and hence 
when they are between us and the sun they seem dark grey or 
black. Each such <^ud is due to an ascending current of air, which 
shows itself by the condensation of the moisture in the air. When 
the cloud is high enough, the column begins to spread out in the 
above forms, and is ultimately resolved into cirrus. Lightning and 
•thunder are then not far off. Thunder-clouds are usually at a 
height of 3,000 to 4,000 feet, though they have been known to be as 
low as from 700 to 1,000 feet. 

Mohn observed that the average rate at which thunderstorms 
travel in Norway is about twenty-four miles an hour, and mostly 
from south-west to north-east. 

482. Effects of lightning.—The lightning discharge is the 
electric discharge which strikes between a thunder-cloud and the 
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earth. The latter, by the induction from the electricity of the 
cloud, becomes charged with contrary electricity ; the electrified 
cloud and the earth are in a condition like the two coatings of a 
Leyden jar (481), and when the tendency of the two electricities to 
combine exceeds the resistance of the air, the spark passes, which 
is often expressed by saying that a ‘thunderbolt has fallen.’ 
Lfghtning in general strikes from above, but ascending lightning 
is also sometimes observed; possibly this is the case when, the 
clouds being negatively, the earth is positively electrified, for 
experiments show that at the ordinary atmospheric pressure positive 
electricity passes through the atmosphere more easily than negative 
electricity. 

We should expect the lightning-fiash to take place between the 
charged cloud and the nearest and best conducting objects, and 
in fact trees, elevated buildings, metals, are more particularly 
struck by the discharge ; but many exceptions to this general 
principle are on record. Trees are good conductors, from the sap 
they contain ; hence it is imprudent to stand under or very near 
trees or shrubs during a thunderstorm. 

Curious effects are observed in the action of lightning on trees. 
Sometimes they are partially or entirely deprived of their bark ; 
sometimes the wood is split into long thin 
laths, or cut up in bundles of fibres like a 
broom. Franklin ascribed this phenomenon 
to the sudden evaporation of the sap con¬ 
tained in the wood. Lightning often runs on 
the outside in a spiral line, or rotates about 
their axes on the stems of trees or posts. 

The effects of lightning are veiy varied, 
and of the same kind as those of electric 
batteries (451), but of far greater intensity. 

The lightning discharge kills men and 
animals, inflames combustible matter, melts 
metals, breaks bad conductors in pieces. 

When it penetrates the ground it melts the 
’siliceous substances on its path, and thus 
often produces, in the direction of the dis¬ 
charge, those remarkable vitrified tubes 

fulgurites (fig. 515), some of which are twelve yards in 
length. They are as much as two inches wide at the top,, and 
their branches run out to fine points. When it strikes bars of 
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iron, it magnetises them, and it often reverses‘the poles of 
compass-needles. 

After the passage of lightning, a peculiar odour is sometimes 
produced, like that perceived in a room in which an electric 
machine is being worked. This odour is due to the formation of 
ozone (474). Rain-water, too, collected after a thunderstqfm cop- 
tains on the average more nitric acid than under ordinary circum¬ 
stances. The production of this acid is one of the effects of the 
electric discharge through air (474). 

An electrified cloud forms, with the earth below, a condenser, 
the intervening mass of air being the dielectric. This mass oi 
air is therefore in a state of strain, like the dielectric in a Leyden 
jar, and it is to this state of strain which precedes the actual dis¬ 
charge, rather than to the discharge itself, that is due the production 
of ozone or of nitric acid. 

Heated air conducts better than cold air, probably only owing 
to its lesser density. Hence it is said that large numbers of animals, 
such as flocks of sheep, are often killed by a single discharge^ as 
they crowd together in a storm, and a column of warm air rises 
from the group. 

Many persons have an undue fear of the effects of the lightning 
discharge. This fear would be diminished if we remembered the 
very small number of persons who are really killed by lightning, 
Arago estimated the number for France at twenty in a year—that 
is, one victim for two million inhabitants—which is a far less pro¬ 
portion than that of many other accidents which do not excite 
nearly so much fear. The danger of possible death from a light¬ 
ning discharge is far less than that from a railway accident. 

The frequency of thunderstorms varies greatly in different 
countries. In Centrallfeurope they are more frequent than in the west, 
especially in those places bordering on the sea. Thus, while there 
are from 5 to 10 in the year in the latter, in Germany there are 30, and 
in Italy 40 in the year. In London they vary from 5 to 13, the 
average being 8*5, while in Paris the average is 14. In tropical 
countries they are far more frequent. They mostly occur in 
summer, but where the rainfall is greatest in winter, as at Bergen, 
they are more frequent at that time of the year. 

483. Return shock.—This is a violent and sometimes fatal 
shock which men and animals experience, even when at a great 
distance from the place where the lightning discharge passes. It 
. is caused by the inductive action which the thunder-cloud exerts 
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on bodies placed within the sphere of its activity. These bodies 
are then, like the earth, charged with the opposite electricity to 
that of the cloud; but when the latter is discharged by the re¬ 
combination of its electricity with that of the earth—thus, when 
the discharge strikes a steeple—the induction ceases, and, the 
bodies reverting rapidly from the electric state to the neutral 
stjfte, the*concussion in question is produced—the return shock. 
A more gradual decomposition and reunion of the electricity 
produces no visible effects ; yet it is not improbable that such 
disturbances of the electric equilibrium are perceived by nervous 
persons. 

The return shock is always less violent than the direct one ; there 
is no instance of its having produced any direct apparent inflamma¬ 
tion, yet plenty of cases in which it has killed both men and animals ; 
in such cases no broken limbs, wounds, or burns are observed. 

The return shock may be imitatedby placing a gold-leaf electro¬ 
scope, the knob of which is connected by a wire with the ground, 
near the prime conductor of a powerful electrical machine in 
action; the leaves diverge, but at each spark taken from the 
machine they suddenly collapse. 

484. Lightning-conductor.—A lightning-conductor is a metallic 
rod attached to the side of a building, its upper end being carried 
above the highest point of the roof, and its lower end embedded in 
the ground. It was devised by Franklin in 1755 for the purpose of 
protecting buildings from the effects of lightning. It is usually 
made of iron or copper, in the form of rod or stranded wire or flat 
band, and terminates at the top in a point or series of points (fig. 
516). The conductor is usually led into a well, and to connect it 
better with the soil it ends in two or three branches, or is con¬ 
nected with a large plate of metal called an earth-plate. If there 
is no well close at hand, a hole is dug in the soil to a depth of six 
or seven feet, or to a depth at which the ground is moist, and, the 
plate of the conductor having been introduced, the earth is strongly 
rammed against it. Good connection with the earth, or what is * 
called good earthy is of great importance with lightning-conductors. 

As the action of a lightning-conductor depends on induction 
and the property of points, Franklin, as soon as he had esta¬ 
blished the identity of lightning and electricity, assumed that 
lightning-conductors withdrew electricity from the clouds; the 
converse is the case. When a storm-cloud, positively electrified, 
for instance, rises in the atmosphere, it acts inductively on the 
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«arth, giving rise to a negative charge, which accumulates in bodies 
placed on the surface of the soil the more abundantly as these 
bodies are at a greater height. The electrostatic pressure is then 
greatest on the highest bodies, those, therefore, which are most 
exposed to the electric discharge ; but if these bodies are provided 
with metal points, like the rods of conductors, the negatiW elec¬ 
tricity, withdrawn from the ground by the influence of the cloud, 
flows into the atmosphere, and neutralises the positive electricity 
of the cloud. Hence, not only does a lightning-conductor tend to 
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prevent the accumulation of electricity on the surface of the earth, 
but it also tends to restore the clouds to their natural state, both 
which actions concur in preventing lightning-discharges. This is, 
indeed, the manner in which the action of lightning-conductors 
comes most frequently into play, though not always. The dis¬ 
engagement of electricity is, however, sometimes so abundant that 
the lightning-conductor is inadequate to discharge the electricity, 
and the lightning strikes ; but the conductor receives the discharge, 
in consequence of its greater conductivity, and the building is 
preserved. 
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A lightning-conductor should satisfy the following conditions : 
I. The rod ought to be so large as not to be melted if the discharge 
passes. 3. It ought to terminate in a point, to give readier issue 
to the electricity disengaged by induction from the ground. 3. The 
conductor must be continuous from the point to the ground, and 
the connection between the rod and the ground must be as intimate 
as ftossible! 4. If the building which is provided with a lightning- 
conductor contains metallic surfaces of any extent, such as zinc 
roofs, metal gutters, or ironwork, these ought to be connected w'ith 
the conductor. If the last two conditions are not fulfilled, there is 
a great danger of lateral discharges —that is to say, that the dis¬ 
charge takes place between the conductor and the edifice, and then 
it increases the danger. 

A very simple, and at the same time efficient, lightning-con¬ 
ductor may be easily fitted to any ordinary dwelling-house. It 
consists of a length of iron tubing an* inch or more in diameter, 
which at the bottom is connected with the drains of the house, 
and projects above the highest point of the building, and which 
may, if desired, have a pointed rod attached to the top. 

• The system of protection against lightning discharges intro¬ 
duced by Melsens is based on the principle that when any body is 
placed inside a sort 
of cage, formed of 
a netw'ork of metal 
wires m connection 
with the ground 
(439), the body is 
not acted on by 
electrified bodies 
placed outside the 
cage. 

This is effected 
by placing t>n the 
roof and the outside of the building iron wires, which are con¬ 
nected with each other, so as to form a network which is con¬ 
nected with the earth in many points (fig. 517). At the principal 
intersections of the conductors, and particularly on the ridge, are 
placed brushes formed of copper wires, through which the elec¬ 
tricity’escapes. A similar arrangement is used for the protection 
of powder magazines. 

485. Aurora borealis. — The aurora borealis^ or northern 
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light, or more properly polar aurora^ is a remarkable luminous 
phenomenon which is frequently seen in the atmosphere at the 
two teiiestrial poles, but more especially at the north pole (fig. 
518). At the close of the day an indistinct light appeals in the 
horizon in the direction, not of the geographical, but of the mag¬ 
netic, meridian. This luminosity gradually changes into a regulai 
arc of a pale yellow, with its concave side turned lowaids^the 
eaith. Finally, the rays buist all over the horizon,passing succes¬ 
sively from yellow to deep green, and to the most biilhant purple - 
and forming a portion of an immense luminous cupola. 
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Fig. 518. 


When the luminous arc is formed it often remains visible for 
some hours ; then the lustre diminishes, the c olours disappear, and 
this brilliant phenomenon gradually vanishes, or is suddenly 
extinguished. 

As the aurora shares the rotatory motion of the earth, it must 
be regarded as an atmospheric phenomenon. The constant direc¬ 
tion of its arc as regards the magnetic meridian, and its action on 
the magnetic needle (420), suggest that it ought to be attributed 
to electric currents in the higher regions of the atmosphere. This 
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hypothesis is cdnfimied by the circumstance that during the pre¬ 
valence of the aurora borealis electric telegraph lines are spon¬ 
taneously affected in a powerful but irregular manner ; magnetic 
needles are deflected, the armatures of magnets attracted, and bells 
rung. This interference is at times so serious, especially in northern 
countries, that it is necessary to suspend the ordinary transmission 
of liblegraphic messages. The discharges are, in fact, occasionally 
so steady and continuous as to form a true current of electricity, 
and cases arc known in w'hich the telegraphic wires have been 
detached from the battery, and the discharge lias been used 
instead. 

Attempts to deduce the height of the aurora borealis have not 
led to consistent results. Protessor Lemstrbm, director of the 
Finnish ]>olar station, observed such phenomena below the clouds 
and on the tops of mountains. He even succeeded in artificially 
reproducing such phenomena on the^ tops of two mountains of 
Northern Finland, the heights of which were 2,620 feet and 3,620 
feet, by means of electric action. 

De la Rive ascribed aurora; boreales to electric discharges 
tvhich take place in polar regions between the positive electricity 
of the atmosphere and the negative electricity of the terrestrial 
globe ; and in Chapter XII. an experiment will be described which 
De la Rive devised in support of this hypothesis. 

486. St. Elmo’s firtf.—This name is given by sailors to the 
luminous brushes or stars which sometimes appear at the tops of 
masts and yards of vessels, the tops of trees, of church steeples, of 
flagstaff's, and of weather vanes, and which are often accompanied 
by a crackling sound, resembling that heard when sparks are taken 
from electric machines 

Similar effects are not unfrequcntly met with in the Alps on 
travellers’ umbrellas and alpenstocks, and even on the hair and 
the clothes. They are also sometimes seen at night, and, in stormy 
weather, on the points of lightning-conductors. 

These luminous effects were known to the ancients. Pliny * 
speaks of the fiery stars seen on the ends of soldiers’ lances. 
When they were two in number they were compared to Castor 
and Pollux, and that was a favourable presage; if only one ap¬ 
peared, it was likened to their sister Helena, which was considered 
to be* a bad omen. 

St. Elmo’s fire is a simple case of induction. The atmospheric 
electricity acting on conductors decomposes the neutral electricity^ 
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attracting the contrary electricity, which from the power of points, 
being liberated at the extremities of the masts, or by the metal of 
the lances, j-ives rise to the luminous brush. The same effect is 
observed when, placing a metal point on the conductor of the 
electric machine, it is made to work in darkness. 

487. Atmospheric electricity on the Pyramids.- Some curious 
observations were made by Siemens on the summit of tne Cheops 
pyramid during the prevalence of the kamsin (309). On stretch¬ 
ing his finger out a peculiar hissing sound was heard, and at the 
same time a prickly sensation was fell. On holding in one hand 
a filled champagme bottle, the cork of which was coated with *m- 
foil, the same sound was heard, and sparks continually passed 
from the label to the hand which held the flask, and when Siemens 
touched the top with the other hand he experienced a powerful 
shock. 

In this case the liquid which was in conducting communi¬ 
cation with the cork formed the inner coaling of a Leyden'jar, 
the outer coating of w'hich was formed by the label and by the 
hand. 

When the jar was improved by coating it with moistened paper, 
it gave such powerful discharges, with a striking distance of half 
an inch, that an Arab who held Siemens’s hand was thrown to the 
ground as if struck by lightning when Siemens presented the 
bottle to his nose. • 
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CHAPTER VII 

ELECTRICITY DUE TO CHEMICAL ACTION. VOLTAIC BATTERY 

488. Galvani’s experiment.—We have already seen that the 
*two most powerful sources of electricity are friction and chemical 
combination. Havinjf described the former, we are now to be 
concerned with the latter. Yet it may be premised that this is not 
a new kind of electricity, but only angther method for its produc¬ 
tion far more abundant than friction, and leading to the most 
remarkable effects. 

To Galvani, professor of anatomy in Hologna, is due the dis¬ 
covery in 1790 of these new electric phenomena, to which he 
was led by a casual observation. It 
is said that a dctid frog was acciden¬ 
tally suspended by a copper hook 
to the iron railings of <1 balcony ; it 
was observed to be violently con¬ 
tracted whenever the legs of the ani¬ 
mal came into contact with the iron 
bars. 

Galvani’s observation may be re¬ 
produced in the following manner : 
the legs of a recently killed frog are 
prepared, and suspended to a copper 
hook, which passes between the ver¬ 
tebral column and the nerve filaments 
op each side of it. If then the copper support and the legs are 
momentarily connected by a plate of zinc, a smart contraction of 
the muscles ensues at each contact (fig. 519). Galvani had some 
time before observed that the electricity of machines produced in 
dead frogs analogous contractions, and he attributed the pheno¬ 
mena first described to an electricity inherent in the animal. He 
'assumed that this electricity, which he called vital fluids passed 
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from the nerves to the muscles by the metallic arc, and was thus 
the cause of contraction. This theory met with great support, 
especially among physiologists, but it was not without opponents. 
The most considerable of these was Alexander Volta, professor of 
physics in Pavia. 

489. Volta’s fundamental experiment.—Galvani’s attention had 
been exclusively devoted to the nerves and muscles of the frog ; 
Volta’s was directed upon the connecting metal. Resting on the 
observation, which Galvani had also made, that the contraction is 
more energetic when the connecting arc is composed of two metals 
than when there is only one, Volta attributed to the metals the 
active part in the phenomenon of contraction. He assumed that 
the disengagement of electricity was due to their contact, and that 
the animal parts only officiated as conductors, and at the same 
time as a very sensitive electroscope. * 

By means of the then lecently invented electroscope, Volta 
devised several modes of showing the disengagement of electricity 
on the contact of metals, of which the following is the easiest to 
perform :— 

The moistened finger being placed on the upper plate of a con¬ 
densing electroscope (fig. 493), the lower plate is touched with a 
plate of copper, c, soldered to a plate of zinc, £', which is held in 
the other hand. On breaking the connection and lifting the upper 
plate (fig. 494), the gold leaves slightly diverge, and, as may be 
proved, with negative electricity. Hence, when soldered together, 
the copper is charged with negative electricity, and the zinc with 
positive electricity. The electricity could not be due either to 
friction or pressure ; for if the condenser plate, which is of copper, 
is touched with the zinc plate, s', the copper plate to which it is 
soldered being held in the hand, no trace of electricity is observed. 

A memorable “Controversy arose between Galvani and Volta. 
The latter was led to give greater extension to his contact theory, 
and propounded tne principle that when two heterogeneous suh-\ 
'stances are placed in contact^ one of thetn always assumes the posi- \ 
five and the other the negative electrical condition. In this form * 
Volta’s theory obtained the assent of the principal philosophers of 
his time. 

490. Voltaic pile.—Reasoning from this theory of contact, 
Volta was led in 1800 to the invention of the marvellously simple 
apparatus which immortalised him, and which is known to this 
day as the Voltaic pile. Wishing to multiply the points of con- 



-491] Production of Electricity by Chemical Action 



tact, and to collect the electricities produced by each, Volta 
arranged, as represented in fig. 520, a disc of zinc, a disc of 
copper, then a round piece of cloth moistened with acidulated 
water, then again a disc of zinc, a disc of copper, a piece]of cloth, 
and so forth, care being taken always to 
preserve the same order. What was to 
be Expected from such a combination } 

Arago says : ‘ I do not hesitate to assert 
that this mass, so inert in appearance, 
this pile of so many couples of metal 
separated by a little liquid, is, as regards 
the singularity of its effects, the most 
remarkable instrument which has ever 
been invented, not even excepting the 
telescope and the steam-engine.* 

On Volta’s view the union of one »inc 
and one copper forms a couple ; in the 
annexed figure twenty couples are super¬ 
posed, separated from each other by 
pieces of cloth, and all arranged in the 
same order, so that the zinc at the top 
is positive and the copper at the bottom 
negative. Since its invention it has been 
greatly modified ; but the general name of pile is still frequently 
used for apparatus of the same kind, and the electricity thus 
furnished is spoken of as voltaic or galvanic electricity in honour 
of the discoverers. 

491. Production of electricity by chemical action.—The contact 
theory which Volta had propounded, and in which he explained 
the action of the pile, soon encountered objectors. Fabroni^ a 
countryman of Volta, having observed that in the pile the discs of 
zinc became oxidised in contact with the acidulated water, thought 
that ^xiflnljo n was the principal cau s e of th e disentra gerpent 
pf e lectricity. In England, Wollaston soon advanced the same • 
opinion, andl!)avy supported it by many ingenious experiments. 

* It is true that in the fundamental experiment of the contact 
theory (489) Volta obtained signs of electricity. lUit De la Rive 
showed that if the zinc be held in a wooden clamp all signs of 
electricity disappear, and that the same is the case if the zinc be 
placed in gases, such as hydrogen or nitrogen, which exert upon 
it no chemical action. De la Rive accordingly concluded that in 
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Volta’s original experiment the disengagement of electricity is due 
to the chemical actions which result from the perspiration and from 
the oxygen of the atmosphere. It must be admitted that-the ques¬ 
tion as to the origin of electricity in the voltaic pile is still an open 
one. 

By a variety of analogous experiments it may be shown that all 
cases of chemical action are accompanied by a disturbance of'the 
electric equilibrium. This is the case whether the substances 
concerned in the action are in the solid, liquid, or gaseous state, 
though of all chemical actions those between metals and liquids are 
the most productive of electricity. All the resultant effects may 
be explained on the general principle that when a liquid icts 
chemically on a metalThe ILauid assumes the 
and the m etal the negative electric, c ondition. 

Hence we arrive at a theory of the origin of electricity in the 
voltaic pile which will be be&t illustrated by reference to the follow¬ 
ing simple experiment. 

492. Current electricity.—When a plate of zinc and a plate 
of copper, each with a wire attached, are partially immersed in 
dilute sulphuric acid without touching each other, it may be shown 
by a delicate condensing electroscope that the wire attached to 
the zinc plate possesses a feeble charge of negative and that 
attached to the copper plate a feeble charge of positive electricity. 
There will be no apparent chemical action if the zinc be pure, or be 

commercial zinc amalgamated with mer¬ 
cury. If now the plates are jdaced in 
contact, either directly or by means of the 
attached wires, chemical action begins 
and hydrogen is given off in large quan¬ 
tities from the surface of the copper 
(fig. 521) ; and if the connecting wire be 
examined it will be found to possess the 
remarkable properties characteristic of 
the discharge of opposite electricities— 
the heating, the magnetic, the magnetising, 
the luminous effects. So long as the metals remain in the liquid, 
the opposite electric conditions of the two plates discharge them¬ 
selves by means of the wire, but are instantaneously restored, and 
as rapidly discharged ; and, as these successive charges and dis¬ 
charges take place at such infinitely small intervals of time that 
titey pay be considered continuous the wire is said to be traversed 
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by an electric 'or voltaic current. The direction of thit> current 
in the connecting wire is assumed to be from the copper to the 
zinc, and in the liquid from zinc to copper ; or, in other words, 
this is the direction in which the positive electricity flows, the 
direction of the negative current in the wire being from the zinc to 
the copper. 

•493. fdentity of frictional and voltaic electricity.—In speaking 
of frictional and voltaic electricity, we must not be considered as 
implying that there is any essential distinction between them. 
There is only a dtiferenc e in the mode in which the electricity mam- 
fests itself. In the former we have effects due to stationary charges, 


^o that It is often called static ele ctricity ; in the latter w^earwifh 
eff^a pf ii/wlixijiQMl® qall it dynamic eledji- 

city. Frictional and voltaic electricity differ in degree anlT'not 
m kind; an electric (urrent may be regarded as a succession 
of electric discharges, and con\ ersely an electric discharge ma> 
be rcgaidcd as a current of extremely short duration. All lh« 
effects which c.in be produced by frictional electricity can also be 
produced b) dynamic electricity, and conversely all the effects 
•which we shall afterwards describe as producible by voltaic elec¬ 
tricity can likewise be produced by frictional electricity. The 
piadical distinction between them is that just those effects which 
aie most easily produced in the one way are most difficult to pro¬ 
duce in the other. Tlrus, foi instance, the simplest of all experi¬ 
ments in frictional electricity is that by which we demonstrate the 
existence of a state of electrification, the attraction of light bodies 
when a stick of sealing-wax is lubbed. The attraction of bodies 
can indeed be shown by voltaic electricity, but it requires the 
asspciation of a great number of cells to produce even a very 
slight deflection in a delicately suspended pith ball. On the other 
hand, the deflection of a magnetic needle is, as we shall see, the 
simplest w^ay of show'ing the existence of a voltaic current, and can 
be effected by the crudest apparatus. A magnetic needle can in¬ 
deed be deflected by means of an electric machine, but it require? 
special precautions, and a delicate galvanometer (521). The pro¬ 
duction of the electric spark is one of the siijiplest experiments ; 
with a sm.dl olectrual machine a spark of two centimetres in 
length IS easily produced. To produce a spark a millimetre long 
by means of a voltaic batter)' it would be nc( cssary to employ not 
less than 4,cxx) cells. 

^ 494. Voltaic couple. Electromotive series.—The arrange- 
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ment lately described, consisting of two metals and a conducting 
liquid in which they are placed, constitutes a simple voltaic eleme nt^ 
couple, or cell. So long as the metals are not in contact, the circuit 
is said to DC open ; when they are connected, either by being placed 
in direct contact or by the intervention of a conductor, it is said to 
be closed. 

For the production of a voltaic current it is not necessary that 
one of the metals be unaffected by tlic liquid, although it is best so, 
but merely that the chemical action upon the one be greater than 
upon the other. The metal which is most attacked is called the 
positive or active plate, and that which is least attacked the 
negative or inactive plate. The positive metal determines the 
direction of the current which proceeds in the liquid from the posi¬ 
tive to the negative plate, and out of the liquid through the con¬ 
necting wire from the negative to the positive plate. 

In speaking of the direction of the current, the positive current 
is always understood; to avoid c onflision, the existence of the 
current in the opposite direction, the negative current, is tacit'y 
ignored. 

• As a voltaic current is produced whenever two metals, placed 
in a liquid which acts more powerfully upon one than upon the 
other, are connected by a conductor, there is great choice in the 
mode of producing such currents. In reference to their electric 
deportment, the metals have been arranged in w’hat is called an 
electromotive scries^ in which the most electropodtive are at one 
end, and the most electronegative at the other. Hence, when any 
two of these are placed in contact in dilute acid, the current in the 
connecting wire proceeds from the one lower in the list to the one 
higher. The principal metals arc as follows :— 


X. Zinc. * 4. Nickel. 7. (iold. 

2. Lead. 5. Copper. 8. Platinum. 

3. Iron. 6. Silver. 9. Craphile. 

• Thus iron placed in dilute sulphuric acid is electronegative 
towards zinc, hut is electropositive towards copper ; copper, in turn, 
is electronegative towards iron and zinc, but is electropositive 
towards silver, platinum, or graphite. 

The force due to the difference in the chemical action of a liquid 
upon two metals placed in it is called electromotive fo rce of the 
/ cell so formed. It is equal to the difference of potential between 
the terminals of the cell, and is greater in proportion to the distance 
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of the two metals from one another in the senes That is to say, 
It IS grealei the greatei the difference between the chemical action 
upon the two metals immersed Thus, the electromotive force 
of a cell formed of zinc and platinum is greater than if zinc and iron, 
or zinc and copper, were employed 

The Electromotive force of a cell depends on the nature of thel 
metals aifd of the liquid, and not at all on their dimensions ;| 
that IS, the electromotive force of a zinc-copper-sulphunc acid" 
t ell IS the same whether the metals be in the form of thin wires 
oi 1 irge plates , just as the pressure of water at any point is 
proportional to the depth of this point below the surface and 
not to the mass (90) Indeed, we may pursue this paiallel 
Turthei, and show many such analogies between electric and 
hydrostatic phenomena , just as a difference of level in the liquid 
in two communicating vessels determines the flow, so in like 
manner it is a difference in clectiic level which gives rise to those 
phenomena which wc call motion of electiicity 

1:^5 ****‘^^*'n^liP If the wire connecting the two 

teiminal plates of a voltaic couple be dut, it is clear, from what has 
been sa d ibout the oiigm and direction of the current, that posi¬ 
tive electricity will be founa at the end of the wire attached to the 
coppei plate, and negative electiicity on the wiie attached to the 
7inc plate These terminals ire called the pales of the battery 
I*or experimental purposes, moie especially in the decomposition 
of salts, plates of platinum are attached to the ends of the wires 
Instead of the term ‘ pole,’ the woid (tjXeKTitnv and o 5 os, a 

way) IS now cc mmonly used, for these are the najs through which 
the respective ek cti ic ities emeige It is imnoi tant not to confound 
the positive with the positive^/c The coppei tciminal of 
a zinc coppei-acid cell is the positive pole, the zinc tcnnmal the 
negative pole , and l/ie lUfrent flows in the lonneiting mife front 
copper to zinc and in the and fiom zinc to coppei 

496 Voltaic battery.—When a senes of voltiic cells are 
arranged in such i m innc» thtit the /me of one element is con- • 
nected with the copper of anothei, the /me eif thi‘» with the copper 
of inothci and so on, such an an ingement is called a voltaic 
battety , and bv its me ms the effects jiroduccd by a single cell are 
capable of being veiy gieatly increased 

1 he eailiest of these aiiangements was the voltaic pile devised 
by Volta himself (490) 
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It will be readily seen that this is merely a series of simple vol¬ 
taic couples, the disc of moistened cloth acting as the liquid, and that 
the terminal zinc is the negative and the terminal copper the positive 
pole. The double plates at top and bottom are unnecessary, and the 
removal of the terminal zinc and copper plates does not affect the 
electromotive force of the pile, which depends only upon the number 
of discs of moistened cloth. From the mode of its arrangement, 
and from its discoverer, the apparatus is known as the voltaic pile 
(490), a term applied to all apparatus of this kind for accumulating 
the effects of dynamic electricity. 

The distribution of electricity in the pile varies according as it 
is in connection with the ground by one of its extremities, or .ts it 



Fig. 5.3, F>g- 'iaj- 


is insulated by b^ing placed on a non-conducting cake of resin or 
glass. 

In the former case, the end in contact with the ground is at 
zero potential, and the rest of the apparatus only contains one kind 
' of electricity, the potential increasing (numerically) from the 
earthed pole to the free pole ; this is negative if a copper disc is in 
contact with the ground, and positive if it is a zinc disc. 

If the pile be insulated the electricity is not uniformly distributed. 
By means of the proof-plane and the condensing electroscope 
(468) it may be demonstrated that the middle part is in a neutral 
state or at zero potential, and that one half is charged with positive 
and the other with ne ative electricity, the potential increasing 
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numerically from the middle to the ends. The half terminated by 
a zinc is charged with negative electricity, and that by a copper 
with positive electricity. The difference of potential between the 
poles is the same whether the battery is insulated or not. The 
effects of the pile will be discussed in other places. 

The‘original form of the voltaic pile possesses now only an 
historic inlerest, for it has a great many inconveniences ; among 
these is the fact that the weight of the discs of zinc and copper is 
so great that it presses out the acidulated liquid from the discs, 



Fig, 524. 


and the electric action is soon weakened. The pile has received a 
gicat many improvements, the principal object of which has been 
to facilitate manipulation, to produce greater electromotive force 
(494), and to lessen the resistance. 

One of the earliest of these modifications was the crown 0$ 
cups, or couronne des tasses^ invented by Volta himself; an im¬ 
proved form of this is known as IVollasioris battery (fig. 522). 

Fig. $21^ gives a vertical section of two consecutive Wollaston’s 
cells. The metals are zinc and copper and the liquid acidulated 
water. Fig. 523' represents the arrangement of one of these 
couples ; it consists of a thick sheet of zinc, z, and a strip of copper, 
Oy by which the zinc can be connected with the next cell. A plate 
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1 of copper, CC, is bent so as to surround the plate 'of zinc without 
touching it, contact being prevented by small pieces of cork. The 
plate, C, is provided with a copper tongue, o\ which is soldered to 
the zinc of the next cell, and so forth. 

Fig. 524 represents a battery of sixteen such cells united in two 
parallel series of eight each. All the metals are fixed to a cross 
frame of wood, by which they can be raised or lowered at pleasfire. 
When the battery is not wanted, the metals are lifted out .of the 
liquid. The water in these vessels is usually acidulated with ^ 

^ sjilphuric and ^ nitric acid. 

|c|9‘7. Enfeeblement of the current in batteries.—I'he batteries 
Jready described, which consist essentially of two metals and one 
liquid, labour under the objection that the currents produced 
rapidly diminish in intensity. 

This is principally due to three causes. The first is the de cre ase 
in the chemical action owing»to the neutralisation of the sulphuric 
acid' by its combination with the zinc. 7 'his is a 
necessary action, for upon it depends the current ; it 
therefore occurs in all b^j^ries, and is without remedy, 
except by replacement w^cid and zinc. 
js Him tn caUed Inr^al C^i^tign. Suppose, for 

example, that we have a plate of perfectly pure zinc 
placed in dilute acid (fig. 525), the plate being varnished 
so that it is not acted on by the acid ; and suppose 
now in the point a a piece of the protecting varnish 
scratched away, while a small steel point is driven in 
at b. We have here all the conditions for the produc- 
Fig- 525. tion of an electric current: two different metals in 
metallic connection in a liquid which acts upon them unequally ; 
the effect is that a c^p^rent is produced from a to b through the 
liquid, and from ^ to ^ through the zinc itself, and the zinc at a is 
eaten away. 

In effect all ordinary zinc contains metallic impurities, such as 
•lead and iron, which realise the above conditions, forming innu¬ 
merable local currents, and which rapidly wear away the active plate 
without contributing anything to the general current. They are 
remedied by amalgamating the zinc with mercury. The proi;e_ss 
. of mnalgamatiqn is as follows. The zinc plate is rubbed over with 
i a piece of flannel soaked in dilute acid, and a few drops of mercury 
poured over the cleaned metal. The mercur}' rapidly spreads and 
combines with the zinc, forming a bright amalgam. Amalgamated 
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zinc behaves in the cell exactly like pure zinc, that is, no local 
currents are formed, there is no local action. The third and most 
important cause of the enfeeblement of the action of the cell is what 
is l>olarisation of tlie inactive plate . 1 n the fundamental 

experiment (fig. 521), when the circuit is closed zinc sulphate is 
formed,^which dissolves in the liquid, and at the same time a layer 
of^Tydrogfen gas is surface of the copper plate, 

which is then said to be Ifoiarised. Now, it has been found that 
the hydrogen deposited in this manner on metallic surfaces acts 
far more energetically than ordinaiy hydrogen. 

This active hydrogen is more electropositive than zinc, and 
therefore acts towards zinc as zinc itself acts towards copper. 

* 'I'hus, as soon as hydrogen begins to be deposited on the copper 
plate there is set up an electromotive force opposed to the main 
electromotive force of the cell, the effective electromotive force 
being the difference of the tw^o. Heyce the current which flows in 
the circuit must diminish, for the current is proportional to the 
electromotive force, just as the flow of water in a pipe is pro¬ 
portional to the hydrostatic pressure. 

. 498. Constant cells.—The serious objections to the use of what 

are called single fluid cells have led to their abandonment, and 
they are now generally replaced by two fluid cells, or those with 
two liquids, which are also called constant cells, because their 
electrt)motive force is .without material alteration for a considerable 
period of time. The essential point to be attended to in securing 
constant electromotive force is to prevent the polarisation of the 
inacti\c metal; in other words, to hinder any permanent deposition 
of hydrogen on its surface. This is effected by placing the inactive 
metal in a liciuid upon w’hich the hydrogen can act chemically. 

*No coll is known whose electromotive force (generally written 
E.M.F.) is strictly constant under all conditions. A cell or battery 
is commonly spoken of as constant when, after it has been in action 
for several hours, its E.M.F. has undergone only a small percentage 
diminution-* • 

499. Danieirs cell.—This was the first form of the consUllI^ 
•cell, and was invented by Daniell in the year 1836. As regards 
the constancy of its action, it is still the best jaf all * CQgg^ aatf 
lotteries. Fig. 526 represents the ordinary French fq||^n^ 
single element. A glass or porcelain vessel, V, 
saturated solution of copper sulphate, in which is immers^ IL 
copper cylinder, C, open at both ends and perforated by ho^ief.. 
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At the upper part of this cylinder there is an annular shelf, G, also 
perforated by small holes, and below the level of the solution: 
this is intended to support crystals of (opper sulphate to icplace 
that decomposed as the electric action proceeds. Inside the 
cylinder js a thin porous vessel, P, of unglazcd earthenwaic. 'Phis 
contains either a solution of common salt or dilute sulphuric acid, 

in which is placed the cylinder ^of 
amalgamated zinc, Z. Two thin strips 
of copper, p and «, fixed by binding 
screws to the coppei and to the zinc, 
serve foi connecting the elements in 
series. 

When the circuit of a Daniell’s cell 
is closed, the hydrogen which results 
from the action of the dilute acid on 
tjic zinc, before it can reach the copper 
plate, meets the copper sulphate, which 
it reduces, with the formation of sul¬ 
phuric acid and metallic copper, the 
copper being deposited on the surface 
of the copper plate. In this way the 
copper sulphate in the solution is taken up, and, if it were all 
consumed, hydrogen would be deposited on the coppei, and the 
current would lose its constancy. This is prevented by the crystals 
of copper sulphate, which keep the solution saturated. 'I'lic 
sulphuric acid produced by the decomposition of the sulphate 
permeates the porous cylinder, and tends to replace the acid used 
up by its action on the zinc ; and as the quantity of sulphuric 
acid formed in the solution of sulphate of copper is regular and 
proportional to the acid used in dissolving the zinc, the action of 
this acid on the iftic is regular also, and thus a constant current 
is maintained. 

The construction of the Daniell cell may be siniplified and the 
puter vessel of glass or porcelain dispensed with by^aking the 
copper plate serve as the containing vessel. When used in this 
■way it has a narrow perforated ledge near the top for coppei 
sulphate crystals, and the porous pot just fits inside this. The 
coa^ ^vessel must be carefully made, and the solder used for 
bnSHjlli' protected from the action of the liquid in the cell, otherwise 
local currents are set up, the more oxidisable metal is eaten away, 
^ d.nd the vessel begins to leak. 
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0 5CX). Minottol*s cell. Gravity battery.—We may mention here 
two cells which are modifications of that of Daniell, and which are 
remarkable for their economy and the facility with which they are 
constructed. The object is to get rid of the porous pot, the use of 
which is attended with numerous drawbacks. 

The ^inotto cell (fig. 527) consists of a glass or earthenware 
ves.#el, at the bottom of which is a copper disc, to which is riveted 
an insulated copper wire. This is surrounded by a thick layer of 
c rystals of sulphate of copper, and on the latter a flannel disc is 
placed. Next comes a thick layer of sawdust, and on this rests a 
round zinc block, to which a wire is attached. The sawdust is 



soaked in water to which a few drojis of acid have been added and 
the excess of water s(|ucezed out. There is thus a solution of 
•copper sulphate at the bottom, and one of acidulated water at the 
top. When the circuit is closed by connecting the poles of the 
cell, an action is set up which is identical with that of the ordinary 
Daniell. For arrangement in battery the zinc block is cast on to 
the wire trom the copper plate. This battery is largely used for 
testing the fuses used in firing guns, exploding mines, etc., as its 
E.’M.F. is constant and its resistance may be made very large by 
squeezing the moisture out of the sawdust. 

Another form is known as the gravity battery^ in which the 
porous diaphragm is altogether dispiMised with. The form de¬ 
picted in fig. 528 is that of Calland. The copper plate, in this 
case a spiral ropj^er band, provided with an insulated wire, C, is 

k R 
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immersecl in a saturated solution of copper sulphate, while on the 
top of this a solution of zinc sulphate floats in conse(|uence of 
its lower specific gravity. The zinc block rests, by meanJ. of lugs, 
on the top of the vessel. When the terminal wires are connected, 
action is at once set up. , 

Such elements as these cannot be moved about, for otherwise 
the liquids would mix, metallic copper would be deposited on'lhe 
zinc plate and give rise to local action. Hut they are well adapted 
for w'orking heavy telegraph lines in permanent stations, and arc 
largely used in France and in Austria. 

50]. Bunsen's cell.—was invented in T&43 : it ‘ . in 
effect a Daniell’s cell, in which nitric acid is substituted for solution 
of copper sulphate, and in which copjtcr is replaced by a cylinder 



of carbon. This is made either of the graphitoidal carbon de¬ 
posited in gas rej^rts, known as gas graphite^ or by calcining in an 
iron mould an intimate mixture of coke and bituminous coal, 
finely powdered and strongly com})iessed. lioth these modifica¬ 
tions of carbon are good conductors. Each cell consists of the 
following parts : i, a vessel, F (fig. 529), either of stoneware or 
of glass, containing, as in Daniell’s, dilute sulphuric acid ; 2, a 
hollow cylinder, Z, of amalgamated zinc ; 3, a porous vessel, V, in 
which is strong nitric acid ; 4, a cylinder of carbon, C, prepared in 
the above manner. In the vessel F the zinc is first placed, and in 
it the porous pot containing the carbon as seen m P. To the 
carbon is fixed a binding screw, in (fig. 530), to w hich a copper 
wire is attached, forming the positive pole. The zinc is provided 
I with a similar binding screw, n. 
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In Bunsen’s cell the hydrogen resulting from the action of the 
dilute sulphuric acid on the zinc makes its way towards the surface 





of the c.'irhon. This being surrounded by nitric ac id, the hydro¬ 
gen decomposes this acid, forming water and hypomirom acid 
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(nitrogen tetroxide), which dissolves, or is disengaged as reddish- 
brown fumes. And, though the hydrogen is most completely got 
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rid of by the decomposition of the nitric acid, the action of these 
nitrous fumes is very noxious. They may, however, be almost 
completely j’ot rid of by adding to the vessel containing the nitric 
acid a small quantity of powdered potassium bichromate. 

The cells are arranged to form a battery (fig. 530) by connecting 
each carbon to the zinc of the follow'ing one by means of the 
clamps, and a strip of copper, r, represented in the top^of 
the figure. The copper is pressed at one end between the carbon 
and the clamp, and at the other it is soldered to the clamp «, 
which is fitted on the zinc of the following element, and so forth. 
The clamp of the first carbon and that of the last zinc : e 
alone provided with binding screws, to which are attached the 
wires. 

502. Grove’s cell.—This differs from Bunsen’s in form and in 
the substitution of platinum for carbon ; otherwise the two cells 
are identical, and the chemical action is the same in both. Fig. 
531, A, shows the arrangement. A rectangular sheet of platinum 
foil, D, is supported in a narrow porous pot, C, containing strong 
nitric acid. The zinc plate, R, is bent in the form of a U» and 
the flat porous pot placed between its two branches. The outei 
vessel, which contains the dilute sulphuric acid, is made of glass or 
glazed earthenware or vulcaniie^ a combination of india-rubber and 
sulphur, also called hard rubber. 

The Grove cell and the Bunsen cell have practically the same 
E.M.F. The (irove is the more expensive on account of the 
platinum in it; but it is more compact and convenient to manipulate 
than the Bunsen. 

503. Leclanch€’s battery.—Piach cell (fig. 532) consists of a 
slab of carbon, L^laced in a porous pot, which is then tightly 
packed round with a mixture of pyrolusite (peroxide of manganese) 
and coke, M. The porous pot is contained in an outer vessel, (j, 
in which is a rod of the electropositive metal zinc, Z. The exciting 
liquid is a solution of sal-ammoniac. 

The essential part of the action is as follows :—The hydrogen 
which results from the action of the zinc and sal-ammoniac coming 
in contact with the manganese peroxide combines with some of its 
oxygen with the formation of water, and so the carbon plate is 
saved from polarisation, for the hydrogen ceases to exist as such. 
When the action is very rapid, or, in other words, when the strength 
of the current exceeds a certain limit, the hydrogen is produced 
faster than it can be disposed of, and accumulates round the carbon 
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plate, and, in consequence, the E.M.F. of the cell rapidly falls. 
But if the cell be left on open circuit, the hydrogen is grfidually 
oxidised and the cell recovers its original E.M.F. Lcclanche cells 
are extremely useful for electric bells, firing mines, and othei 
purposiys where a tolerably strong current is wanted intermittently. 
7 'hey are.not constant in the sense in which the iJaniell and the 
(ifove cells are constant, for their E.M.F. runs down when they 
are kept on short circuit, but they have the merits of portability. 
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Fig- 53;- 


cleanliness, and cheapness. The E.M.F. is intermediate between 
those ot (jiovc and Daniell. , 

^ 504. The Bichromate cell may be mentioned as one which may 
be used when a high electromotive force is required for a compara¬ 
tively short time. Carbon and zinc are the solid elements used in 
it, and the liquid is a mixture of strong sulphuric acid and saturated 
solution of potassium bichromate. It is, like the Lcclanche, a one- 
fluitf cell. The hytlrogen, due to the solution of the zinc in the 
acid, is oxidised by the bichromate, and as it is thus prevented 
from polarising the carbon plates the cell preserves its E.M.F. for 
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some time. The amalgamated zinc plate is embraced on its two 
sides by slabs of gas carbon which are in metallic connection with 
each other, but insulated from the zinc. The zinc plate is attached 
to a rod which slides in a tube (fig. 534) and enables the plate to 
be immersed in the liquid and to be withdrawn w’hen the cell is 
not in use. The E.M.F. of this cell is about 10 per cent, higher 
than that of the Grove or Bunsen. ’ " 



Fig. 534 - 
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0 505. Latimer Clark cell.—This cell is intended as a standard 
of E.M.F. and not as a means of producing an electric current. 
Fig. 535 illustrates the usual form. The glass cell, about 4 inches 
high and inch in diameter, contains mercury at the bottom? 
and on this a paste mercurous sulphate (Hg^SO,). The electro¬ 
positive element is pure zinc, vvhich dips into a saturated solution 
of zinc sulphate. The E.M.F. of this cell is t*435 volt (507) at 
15° C. All cells made up with the above materials, carefully pre¬ 
pared, are found to have the same E.M.F., which remains constant 
*so long as the cell is not short-circuited. 

c, 506. Zamboni’s dry battery.—A dry battery is one each cell of 
which consists of two solid substances separated by a sheet of 
paper, which, though’ apparently dry, contains ordinarily a certain 
amount of moisture. A Zamboni's dry battery is constructed as 
follows; a sheet of paper is smeared over with a thin layer of 
finely powdered manganese peroxide, and discs about an inch in 
diameter punched out of ;t. Similar discs are punched from a 
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sheet of tinfoil The discs, alternately tinfoil and paper, are 
built up into a pile of about a thousand, tightly pressed together 
and terniinated by suitable metal pieces which serve as poles. 
Such a battery has a high electromotive force, the electrification 
on its poles being sufficient to attract and then repel a pith ball 
(430), but on account of its high resistance the current derived 
fro/n it isTery minute. 'I'he pole connected with the manganese 
peroxide is the positive, the tinfoil terminal being the negative 
pole. 

507. Electromotive force, cprreat, resiistii^ce.—When the 
poles of a battery are connected by a conductor of any kind and 
an electric current flows through it, electricity goes round and 
• round the circuit. The cause of the flow of electricity is the 
electromotive force of the battery, and for a given E.M.F. the 
quantity of electricity which passes any section of the circuit in 
one second (which is called the stref^gt/i of the current) depends 
upon the opposition which the current meets with, cither in the 
battery itself or in the conductors by which its poles are connected. 
We have thus three things to think about in contemplating an 
.electric circuit: (1) the E.M.F., which is the cause of the flow of 
electricity ; (2) the strength of the current, and (3) the resistance 
of the circuit, which is conveniently divided into iiiternal resist¬ 
ance (that of the battery) and external resi.stance. The strength 
of the current is greater the greater the E.M.F. and the less the 
opposing resistance. 

Jhe unit of electromotive force is a volt. The E.M.F. of the 
cells given below are e.xpressed in terms of a \olt. 


Cell. 

R.M.F. 

Cell. 

E.M.F. 

Zinc-acid-copper 

•5 to -8 

Latimer Clark 

I '435 

Daniell 


Grove 

1*85 

Minotto 

i*i 

liunsen ^ 

Gravity Daniell 
Leclanchd 

I * 45 -1-50 

Bichromate 



. liw-iMait.Qf/csUtancu.is,^ An ohm is defined as 

the resistance of a column of mercury io6’3 centimetres long and 
I sq. millimetre in cross section, but it may be realised in any 
material. For instance, 76 yards of copper wire. No. 18 S.W.G., 
has a resistance of one ohm. As copper conducts electricity about 
14 times as well as German silver, only about 55 yards, of wire of 
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the same gauffe of the latter material would be required to offer a 
resistance of one phm. The resistance of a wire varies directly as 
its length and inversely as its cross section ; it also depends upon 
the material of the wire. The specific resisiatice of a material is 
the resistance in ohms of a centimetre cube of the material between 
opposite faces. The specific conductivity of a material is the 
reciprocal of its specific resistance. The resistance of a voltaic 
cell is less the larger the area of the plates and the closer they are 
together. It depends also upon the conductivity cf the liquid or 
liquids by which the plates are separated. The E.M.F. of a cell 
is independent of its size; thus the E.M.F. of a Daniell cell .s 
i*i volt, whether the cell be as small as a thimble or as large as a 
barrel. But its internal resistance is a function of its size. The 
E.M.F. of a cell is the only definite thing about it, and whether 
the current it produces when its poles are joined is large or small 
depends solely upon the internal and external resistances in the 
circuit. 

The unit quantity of electricity is called a coulomb. When the 
conditions are such that one coulomb passes any cross section of 
the circuit in each second, -sit-f^ngjh f>f i;, said to be 

amp^e. i5*= Uiea«iit.^.curj:qijt. 
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CHAPTER VIII 

EFFECTS OF THE VOLTAIC CURRENT 

508. Physiological effects.—The remarkable phenomena due 
to electric currents may be classed under the heads physiological, 
chemical, mechanical, and physical effects ; and these latter may 
be again subdivided into the thermal, luminous, and magnetic, 
effects. • 

When the terminals of a battery are grasped by the two hands, 
the current, unless the battery consik of a very larj>e number of 
cells, is feeble, on account of the large resistance of the human 
V>ody. The chief part of this resistance is in the skin, and if the 
hands are moistened with acidulated or saline water, the skin 
resistance is much diminished and a stronger current passes 
through the body. Under these circumstances a decided shock is 
e.xpcrienced at the monipent of grasping the terminals, and a tingling 
sensation is felt in the arms and hands so long as the current flows. 
But the chief physiological effect is noticed at the moment when 
the terminals are laid hold of, or let go ; that is, when the current 
strength is changing. 

A small E.M.F. when applied to the parts over the eye produces 
a luminous effect; in the neighbourhood of the ears a rushing 
sound ; and when the two poles are placed on the tongue the 
positive has an acid and the negative an alkaline taste. This, 
indeed, is a convenient test for the conditions of a current. Sensi¬ 
tive plants are also affected when the terminals of a batter)' con- * 
sisting of a large number of elements are applied to them. 

‘ 509. Heating effects. —When a voltaic current is passed through 
a metal wire, the wire becomes heated and e\cn incandescent if it 
is very short and thin. With a powerful battery all metals are 
melted, even iridium and platinum, the least fu-sible of metals. 
Carbon is the only body which hitherto has not been fused 
by it. 
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Fine wires of lead, tin, zinc, copper, gold, silver, iron, and 
platinum, may be melted by sufficiently strong currents, and even 
volatilised, with differently coloured sparks. Iron and.platinum 
burn with a brilliant white light; lead with a purple light; the 
light of tin and of gold is bluish white ; the light of zinc is a 
mixture of white and gold ; finally, copper and silver give’a green 

light. *> 

The law which expresses the relation between the heating effect 
in a voltaic circuit and the strength of the current and resistance 
of its various parts, has been investigated by Joule and is generally 
known by his name. 

Joule showed that the amount of heat produced in a circuit 
varies as the square of the strength of the current, as the resist¬ 
ance of the circuit, and, of course, as the time. In the case of any 
little bit of the circuit the heat per unit of time varies as the 
resistance of that bit and as the square of the current strength. 

Joule’s law may be demonstrated by 
means of an apparatus called the 
galvano-thermometer (fig. 536). A 
wide-mouthed stoppered bottle is 
fixed upside down, with its stopper, 
in a wooden block ; the stopper is 
perforated so as to give passage to 
two thick platinum wires, connected 
at one end with binding screws, j 
while their free ends are provided 
j* with platinum cones to which dif¬ 
ferent wires under investigation can 
be affixed ; the vessel contains alco¬ 
hol, the temperature of which is 
indicated by a thermometer, /. The 
current is passed through the plati¬ 
num wires, and its strength measured by means of a tangent 
galvanometer (522) interposed in the circuit. By observing the 
increase of temperature in a given time, and knowing the weight 
of the alcohol, the mass of the wire, the specific heat, and the 
calorimetric values of the vessel and of the thermometer, the total 
amount of heat which is produced by the current in a given time 
can be calculated. 

By altering the current that passes through the wire, which may 
be done by increasing or diminishing the number of cells in the 
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battery, we may* prove, by repeating the calorimetric experiment 
with each change of current, that the heat produced varies as the 
square of the strength of the current. Again, by including in the 
circuit two or more apparatus like that of fig. 536, containing wires 
of different but known resistances, it may be proved that the heat 
is direct?^' proportional to the resistance. Thus Joule’s law is 
estajdlished: 

When a circuit containing a voltaic battery is closed, a certain 
amount of heat is produced, which is distributed over the whole 
circuit—the liquid, the plates, and the connecting wire. The 
quantity of this heat depends on the consumption of the attacked 
metal, which is practically always zinc. The solution of a 
definite weight of zinc produces a definite quantity of electricity 
to flow round the circuit, and this produces a definite amount of 
heat ; if this solution takes place rapidly, the temperature is higher 
than if it takes place slowly ; but the, total quantity in each case 
is the same ; just as the total quantity of heat produced by burning 
a given weight of coal is the same whether it is burnt fast or 
slowly. 

• Again, the distribution of heat in the circuit follows the simple 
law tliat the heal produced in any particular part of the circuit 
bears the same ratio to the total heat that the resistance (507) of 
that particular part bears to the total resistance. Thus, if the 
resistance of the conneat- 
ing wire outside the cell 
is twice as great as the 
internal resistance of the 
cellf the heat in the con¬ 
necting wire will be twice 
that^in the liquid, or two- 
thirds of the total heat. 

If the current passes 
through a chain of pla¬ 
tinum and silver wires of 

equal sizes (fig. 537), the platinum, becomes more heated 
than the silver, s, from its greater resistance ; and with a suitable 
current the platinum may become incandescent while the silver 
remains dark. This experiment was devised by Children. 

Several interesting illustrations of the heating effect of the 
current may be made by means of Fosfer^s represented 

in fig, 538, which consists of two glass bulbs provided with stop- 
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cocks and attached to U-tubes containing a coloured liquid; they 
are, in fact, two air-thermometers. Stout copper wires lead from 

the binding screws and - are fitted 
air-tight by means of corks in the 
bulbs ; to these ends platinum and 
other wires of various lengths and 
thicknesses may be fixed. 

If the poles of a couple of 
Grove’s cells are connected with a 
and c, or with c and the depres¬ 
sion of the liquid at once shows 
that a heating effect is produced. 
If the spiral wire in-Ahas only half 
the resistance of that in B, then, 
when the cells are connected up 
w’ilh a and h so that the current 
traverses both wires, the depres¬ 
sion of the liquid in A will only be 
one-half that in B, showing that 
the heating effect in any part of a circuit is proportional to the 
resistance of that part. 

510. Applications of the heating effect.—The heating effects 
of the voltaic current are used in firing mines for military purposes 
and for blasting operations. A simple form of fuse for 
ii this purpose is shown in fig. 539, which represents a 

Jzi round piece of wood about half an inch in diameter in 

which two grooves are cut. Two copper wires, a a 
I and b insulated except at the free ends, fit in tfiese 

I 'I grooves ®nd pass through holes bored in the wood 

I I without touching each other,*and are kept in their place 

I by being wrapped round with fine thread. The ends 

r I bared are connected by a thin platinum wire, ab, and 

L |)ffl the other ends of the wire are joined to stout copper 

wires which lead to the battery. Round the fuse is 
^ wrapped a paper case (not represented in the figure) 
which is filled with fine powder, and, being closed, iHe 
fuse is then placed in a bag of powder in the place where 
' the explosion is to take place. Now, we have seen that 
in any part of a voltaic circuit the heating effect is the gieater 
according as the resistance of that part of the circuit is greater. 
This is the reason for liaving a thin platinum wire, for the resist- 
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ance is greater tlie thinner the wire, and, moreover, platinum is a 
metal of comparatively high specific resistance (507). Accord¬ 
ingly, when an E.M.F. of from 5 to 10 volts is applied to the circuit, 
the thin platinum wire instantaneously becomes incandescent, and 
explodes the powder. 

A useful application of the healing effect of the current is made 
in tUe burgital operation of cauteristxtion. If a carbuncle or other 
enlargement is to be removed, a thin platinum wire which forms 
part of a voltaic circuit is moved across it; this cuts like a knife, 
and at the same time cauterises the surface thus cut. It has been 
observed that when the temperature of the wire is about 600° C,, 
the combustion of the tissues is so complete that there is no 
fiicmorrhage ; while at 1,500® the action of the wire is like that of a 
sharp knife. 

Another application of the heating effect is to what are called 
mfety KiUhcs^ or evt-ouis. These arejengths of lead wire or strip 
interposed in the circuit of 
the powerful currents used 
for elecrrical lighting and the 
Ukc. Their dimensions are 
so calculated that when the 
current attains a certain 
strength, the heat generated 
is sufficient to melt them, 
and thus break the circuit. 

'rhe form represented in fig. 

540 is a tin wire on which is cast a lead shot ; nhen the lein- 
peifiturc is high enough to soften the wire, the weight of the shot is 
sufllcient to promptly break it and thus stop the current at once. 

"5^. Luminous effects.— On breaking a voltaic circuit a spark 
is obutined at the point of rupture, which is fretjuently of great 
brilliance. These luminous effects arc obtained, when the battery 
is sufficiently powerful, by bringing the two electrodes very nearly 
in contact ; a succession of bright sparks springs across the, 
interval, which follow each other with such rapidity as to produce 
jf continuous light. With eight or ten of Grove’s elements brilliant 
luminous sparks aie obtained by connecting one terminal of the 
battery with a file, and moving its point along the teeth of another 
file c.onnccted with the other tenninal. 

The most beautiful effect of the electric light is obtained when 
two pencils of charcoal are connected Avith the terminals of a 
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powerful battery in the manner represented in fig.* 541. The char¬ 
coal b is fixed, while the charcoal a can be raised and lowered by 
means of a rack and pinion motion, c\ The two charcoals being 
placed in contact, the current passes, and their ends soon become 
incandescent. If they are then removed to a distance of about the 
tenth of an inch, the air between them is heated, little*particles 
become detached, are heated to incandescence, and travel fron/one 
carbon to the other; they thus form a luminous arc extending 
betv^cen the two points, which has an exceedingly brilliant lustre, 
and is called the vollaic or chrirn art. 
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The length of this arc varies with the strength of the current. 
In air, with a battery of 600 cells, it may exceed two inches. If 
‘the charcoal attached to the positive pole be examined, it will be 
found to have become worn aw^ay, forming a crater-like hollow, 
while the negative charcoal is worn to a much less extent (fig. 542). 
It seems that the carbon is mechanically transported from the 
positive to the negative pole, and that this is the manner in which 
the transmission of the electricity between the tw o poles is effetted. 
The small globules seen in the figure are mineral impurities in the 
carbon, which are melted at the high temperature of the voltaic 

(BIC. 
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For public Illumination the carbons are connected with a 
mechanism, actuated by the current itself, which keeps the carbon 
poles at a suitable distance apart, a condition necessary for the 
permanence and steadiness of the light. 

There are numerous and varied forms of such apparatus, and 
usually they arc complicated and expensive; but a general idea 
of ^Lhe way in which they act may be 
obtained by reference to a simple form 
represented in fig. 543. The current 
enters the lamp ])y a wire attached to a 
binding screw on the base of the instru- 
passing up the pillar by the small 
electro-magnet (537) to the centre pillar 
along the top of the horizontal bar, down 
the left-hand bar through the two car¬ 
bons, and away by a wire attached tv) a 
binding screw on the left hand. A tube 
holding the upper carbon slides freely up 
and down a tube at the end of the 
tross-piecc, and would by its own weight 
rest on the lower carbon, but the electro¬ 
magnet is provided with a keeper, to 
which is attached a rest that encircles 
the carbon tube and gr.'isps it. When 
the electro-magnet works and attracts the keeper, the rest tightens 
and thereby prevents the descent of the carbon. When the keeper 
is not attracted, the rest loosens, and the carbon holder descends. 

*When the two carbons are at rest and the circuit is completed, 
thj^current traverses both carbons, and no light is produced. But 
if upper carbon be raised ever so little, a brilliant light is 
emitted. When the lamp is thus once set to work, the rod attached 
to the upper carbon may be let go, and the magnet will afterwards 
keep the lamp at work. For wben some of the carbon is consumed, 
and the current in consequence is weakened, the magnet loses* 
some of its power, the keeper loosens its hold on the upper carbon, 
which descends by its own w’eight. As the carbons approach each 
other the current strength rises ; the magnet again draws on the 
keeper, and the keeper again checks the descent of the carbon, and 
so fdrth. Thus the points are retained at the right distance apart, 
and the light is continuous and brilliant. The lights thus produced 
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*are known as arc and the apparatus in which they are pro¬ 

duced are arc lamps. 

The cost and inconvenience of producing electricity by means 
of the voltaic battery are so great as to quite preclude its use unless 
in very exceptional cases. But of late years vast improvements 
have been effected in dynamo-electric machines, which tJansform 
mechanical power into electricity in a very perfect manner, /ind 

yield it at a price which makes 
the electric light a fonnidablc 
competitor with gas and other 
artificial lights for purposes ot 
public and even of househoW 
illumination. For the latter 
purpose the current from such 
machines is conveyed by wires 
to a lamp such as that repre¬ 
sented in fig. 543. These arc 
lights, however, are not adapted 
to household illumination, and 
are deficient in steadiness ; the> 
are best fitted for lighting large 
spaces, such as railway stations, 
docks, streets, and the like. 
What are called imandcscent 
lights^ though not so powerful, 
are best suited for indoor illumi¬ 
nation, as the light is pleasanter, 
and is distributed from a numocr 
of centres. The principle on 
which these depend is th'-.., of 
allowing the current to 1 averse 
a thin thread of specially pre¬ 
pared carbon enclosed in a glass vessel from which the air has 
.been exhausted. The ends of this carbon filament arc suitably 
connected with wires, a a\ terminating in loops outside, which 
can be readily attached to the hooks b -the pressure exerted 
by the spring, R, insures good contactthese, in turn, lead to 
the binding screws, P, N, with which the wires conveying the 
current are connected. By means of the scrc’v V, the support c 
,.vith its lamp can be attached to an upright stand, or to a 
,^bracket, like a gasalier. Carbon is chosen because it is infusible, 
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which is not the case with any metal when traversed by a 
sufficiently powerful current. There are numerous forms of such 
incandescent lamps; that represented in 544 was devised by 
Swan, of Newcastle, whose carbon thread is 
prepared by carbonising a special kind of cotton 
thread. Edison, of New York, uses bamboo in 
the *onstruction of the carbon filament. 

The filament in an incandescent lamp, after 
being in use for some time, becomes disin¬ 
tegrated and gives way ; but a carefully con¬ 
structed lamp will, with a moderate current, 
last for 1,000 hours. The intensity of the light 
depends upon and increases with the strength 
of the current—a lamp, for instance, which has 
an illuminating power of 16 candles (331) may 
have its luminosity doubled, or even more, by 
an increase in the strength of the current. This 
increase in luminosity is, however, purchased at 
the expense of the duration of the lamp ; the 
more powerful the current, and therefore the 
luminosity, the shorter time does the lamp last. 

A horse-power (286) employed in working 
the machine which produces the current will 
feed 12 lamps each of r6-candle power ; the same power with an 
arc light will produce from five to ten times the illuminating 
power. 

512. Chemical effects.These are among the most important 
of afl the actions of the voltaic circuit. 'Phey consist of the separa¬ 
tion and transport of the elements of the bodies traversed by the 
cumaP.!. The first decomposition effected by the battery was that 
of w'ateiY obtained in 1800 by Carlisle and Nicholson by means of a 
voltaic pile. Water is rapidly decomposed by an applied E.M.F. of 
4 or 5 volts (507); the apparatus (fig. 545) is very convenient for the 
purpose. It consists of a glass vessel fixed on a wooden base. In the • 
bottom of the vessel two platinum electrodes are fitted, communicat¬ 
ing^ by means of copper wires with the binding screws, a and b. The 
vessel is filled with water to which some sulphuric acid has been 
added to increase its conductivity. Pure water and pure sulphuric 
acid ajre very imperfect conductors, but a mixture of the two is a 
tolerably good conductor. Two glass tubes filled with the acidu¬ 
lated water are inverted over the electrodes, and, on interposing 

SS 




626 Voltaic Electricity [ 512 - 

the apparatus in the circuit of the battery, decomposition is rapidly 
set up, and gas-bubbles rise from the surface of each electrode. 
The volume of gas liberated at the negative electrode is about 
double that set free at the positive, and on examination the former 
gas is found to be hydrogen and the latter oxygen. This ex¬ 
periment accordingly gives at once the qualitative and.«quantita- 
tive analysis of water, for it shows that it consists of tuo parts by 
volume of hydrogen to one of oxygen. 

In a circuit containing a water decomposition apparatus, or 
'h.'atcr voltameter as it is called, V, Faraday introduced a tube, AB, 
containing tin chloride kept in a state effusion by the heat of a spirit 
lamp (fig. 546). In the bottom of this a platinum wire was fused, 
forming the negative electrode, while the positive electrode con¬ 
sisted of a rod of graphite : when the current passed, chlorine was 
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liberated at the positive, w'hile tin collected at the negative elec¬ 
trode ; in like manner lead oxide was electrolysed, and yielded lead 
at the negative and oxygen at the positive electrode. Comparkig the 
quantities of substances liberated, they are found to bearfi certain 
definite relation to each other. Thus, for every 18 parts of w^ater 
decomposed in the water voltameter there will be liberated 2 parts 
of hydrogen, 207 parts of lead, and 117 of tin at the respective 
negative electrodes, and 16 parts of oxygen and 71 (or 2x35-5) 
parts of chlorine at the corresponding positive electrodes. Nbw 
these numbers are exactly as the chemical equivalents (not as the 
atomic weights) of the bodies. 

It will further be found that in each of the cells of the battery 
65 parts by weight of zinc have been dissolved for every two parts 
by weight of hydrogen liberated ; that is, that for every equivalent 
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of a substance decomposed in the circuit one equivalent of zinc is 
dissolved. This is the case whatever be the number of cells. An 
increase 4 n the number only has the effect of overcoming the great 
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resistance which many electrolytes offer, and of accelerating the 
decomposition. If in any of the cells more tlian 65 parts of zinc 
are dissolved for e\ ery two parts of hydrogen liberated in a water 
voltameter in the circuit, 
this arises from a disad¬ 
vantageous local action ; 
and the more nearly the 
zinc in the battery ap- 
proximates to the condi¬ 
tion of pure zinc, the more 
cxattly is the chemical 
relation between the pro- 
du^&., of decomposition 
realised. 

If the two platinum 
electrodes in fig. 545 are 
placed close together in 
acidulated water, the 
gases can be collected 
mixed instead of sepa- 
rately. Such a mixture 

of the two gases explodes and reforms water with great violence 
when a light is applied to it, or, when contained in a suitable 
vessel, an electric spark is passed through it; this mixed gas is 

s s 2 
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known as detonating gas. If it be collected in a-graduated glass 
tube, it is found, in accordance with what has been stated, that 
currents of different strengths liberate the gas with varying rapidity; 
the more powerful the current the more rapidly is the gas dis¬ 
engaged. The quantity liberated in a given time is proportional 
to, and is therefore a measure of, the strength of the cii-'ilent ; an 
apparatus based on this principle was devised by Faraday'.md 
called a voltameter (fig. 547). 

By means of the voltameter we may conveniently illustrate the 
principles of the division of the electric current. Suppose ^hat 
B (fig. 548) is a voltaic battery, and that V and V, are similar 
voltameters ; the current divides at c, and in the equal branches 
are placed two voltameters, v and Vy If now the circuit be closed 
for a certain time, and the gas measured which is liberated in this 
time, it w'ill be found that the volumes in V and —that is, the 



voltameters in the ttmiivided part of the circuit—are equal ; and 
that if the resistances in the branches r v ^/and c d are equal, 
the volumes of gas disengaged in them will also Ix^ equal to each 
other, but less than V or V,, the sum of the volumes being, how¬ 
ever, exactly eqqg^l to V or V,; this will also be the case if *the 
voltameters v and 7^, are not equal; the sum will always be equal 
to V or V,. 

This may be expressed by saying that if two paths are open to 
a current, it will divide itself as the conductivities in their branches, 
or, what is the same thing, inversely as the resistances. Thus, if 
•the resistances of the two circuits v and are i tand 4 respectively, 
then, of the current which divides between the points c and d four- 
fifths will go through v and one-fifth through Vy 

When the current is passed through a solution of silver nitrate 
containflll in a platinum dish, which serves as a negative electrode 
—^the fiositive electrode being a silver rod held in a brass clamp— 
metallic silver is deposited on the dish, and may be weighed 
(fig. 549). Such an arrangement is called a silver voltameter^ and 



-518] Electrolysis of Salts 629 . 

although more troublesome it is susceptible of greater accuracy. 
A current pf an ampere (507) passing for an hour through such a 
solution 'will liberate 4'025 grammes of metallic silver; in like 
manner, a copper voliameier^ 
with copper electrodes and 
copper sulphate solution, 
wo»ld give ri8i gramme of 
mctallia copper. 

The weight of metal 
liberated from a solution of 
one of its salts in a second 
J3y unit current—that is to 
say, one ampere- is called the 
electrochemical equivalent of 
the metal. That of silver is 
i’ii8 milligramme, and of 
copper 0-328 milligramme. 

R 5 f 3 - Electrolysis. — To 
those substances which, like 
Vatcr, are resolved into their 
elements by the voltaic cur¬ 
rent, the term electrolyte^ it as 
applied by Faraday, to whom 
the principal discoveries in 549- 

^this subject, and also the nomenclature, are due. (Electrolysis is 
decomposition produced by a voltaic current ^ the products of 
decomposition are called_w«^ that which is liberated at the positive 
elcjctrode or a node being 
c^ljed the anion^ that 
liberated at the nega¬ 
tive electrode ax kathode^ 

By means of the 
battery the compound 
nature of several sub¬ 
stances which had pre¬ 
viously been considered 
as elements has been 
discovered. With a battery of 250 cells, having an E.M.F. of 
probably 150 volts, Davy, shortly after the discovery of the decom¬ 
position of water, succeeded in decomposing the alkalies potash 
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and soda, and proved that they were the hydrated oxides of the 
hitherto unknown metals potassium and sodium. The decom¬ 
position of potash may be demonstrated with the aid of a battery 
of six volts electromotive force in the followintf manner : a small 
cavity is made in a piece of solid caustic potash, which is moistened, 
and a drop of mercury is placed in it (fig. 549). The pr! 5 itash is 
placed on a piece of platinum connected with the positive pole* of 
the battery. The mercury is then touched with the negative pole- 
When the current passes, the potash is decomposed, oxygen is 
liberated at the positive electrode or anode, while the potassium 
liberated at the kathode amalgamates with the mercury. On 
distilling this amalgam out of contact with air, the mercury passes 
over, leaving the potassium. 

The decomposition of binary compounds—that is, bodies con¬ 
taining two elements—is quite analogous to that of water and 
potash ; one of the constituenls goes to the anode and the other to 
the kathode. The bodies separated at the anode are called 
electronegative ions, because at the moment of separation they 
are considered to be charged with negative electricity, while those 
separated at the kathode are called electropositive ions. One 
and the same body may be electronegative or electropositive, 
according to the body with which it is associated. For instance, 
sulphur is electronegative towards hydrogen, but is electropositive 

towards oxygen. The various elements 
may be arranged in such a scries that 
any one in combination is electronega¬ 
tive to any following, but electropositive 
towards all preceding ones. This is 
called the electrochemical series, jyid 
begins with oxygen as the most electro-' 
negative clement, ending with potassium 
as the most electropositive. 

A very convenient arrangement for 
the preparation of metallic magnesium 
and some of the rarer metals consists of 
an ordinary clay tobacco pipe (fig. 551), in the stem of which an 
wire is inserted just extending to the bowl, which is nearly 
with a mixture of the chlorides of ]}Otassiiim and magnesium. 
,-^TS is melted by a Bunsen’s burner, and a piece of graphite 
connected by a wire with the positive pole of a battery is dipped 
in it, the wire in the stem forming the negative electrode. When 
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Electrotype 


the current passes, chlorine gas is liberated at the positive pole, 
while metallic magnesium collects about the end of the iron wire 
in the bowl. 

514* Electrotype.—In the ordinary methods of reproducing 
statues, iSas-reliefs, etc,, in metal, moulds of baked clay or of sand 
are prejifired, which are faithful hollow copies of these objects ; 
theo either melted iron or bronze is run into these; when the 
metal l^as solidified, an exact copy in relief is obtained of the 

n object. In electrotypes, a mould 

of the object to be produced is 
required, but the reproduction is 
efifecled without either fusion or 
fire. An electric current quietly 
deposits a layer of metal of any 
desired thickness on a faithful 
impression of the object. This 
jT is the meaning of the term gal- 

7 fanopiastit's^ which is derived 



from the word ‘ galvanism,’ and from a Greek word signifying ‘ to 
ftiodel.’ 

The practice of electrometallurgy consists of two distinct opera¬ 
tions : first, the preparation of the mould or impression of the 
objects to be reproduced ; and, secondly, the deposit of the metal 
in this mould. The first process is the most delicate, and that on 
which mainly depends the success of the operation. 




632 Voltaic Electricity [514- 

Various substances are used for taking impressions—wax, stca- 
rine, fusible metal, gutta-percha, etc. Of these the most useful, at 
any rate for small objects,'is gutta-percha. This substance, which is 
hard at ordinary tcmperatuies, softens when placed in warm water. 
When it has acquired the proper degree of softness, a plate of it 
is placed on the object to be copied and pressed against ip. When 
the object is of metal—a medal, for instance—the gutta-percha is 
easily detached as soon as it is cold ; but with a wood engsaving or 
a plaster cast, the gutta-percha adheres, and cannot be detached 
without danger of tearing. This may be remedied by previously 
brushing the mould over with blacklead, or graphite^ as it oi’ght to 
be called. 

Suppose the subject to be reproduced is a medal (fig. 553); 
when the mould is obtained we have the medal hollow and in¬ 
verted. It is now necessary to make its surface a conductor, for 
gutta-percha, being an insulator, could not transmit the current 
from the battery. This is effected by brushing it over very care¬ 
fully with graphite (which is a good conductor) in all those places 
where the metal is to be deposited. Three copper wires are then 
fixed to it, one of which is merely a support, while the other two 
conduct the current to the metallic surface (fig. 553). 

The mould is then ready for the metal to be deposited upon 
it; copper is ordinarily used, but silver and gold also deposit 
well. 

In order to take a copper cast, a bath is filled with a saturated 
solution of copper sulphate, and two copper rods, 15 and A, are 
stretched across (fig. 554), one connected with the negative and 
the other with the positive pole of a couple of Daniell cells. Fiom 
the rod connected with the negative pole, B, is suspended the 
mould, and fr‘8m the other. A, a plate of copper, so that A forms 
the anode, B the kathode. The circuit being thus closed, the 
copper sulphate is decomposed, sulphuric acid is liberated at the 
anode, while copper is deposited at the kathode, on the mould 
< suspended from the rod B, to which, indeed, several moulds may 
be attached. 

I'he copper plate forming the anode serves a double purpose : 
it not only transmits the current, but it keeps the solution in a 
uniform state of concentration, for the acid liberated at A dis.solves 
the copper, and reproduces a quantity of copper sulphate equal to 
that which has been decomposed. The bath always remains, 
therefore, at the same degree of concentration —that is to say. 
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always contains the same amount of salt in solution, which is a 
condition necessary for producing a uniform deposit. 

An important industrial application is made of electrolysis in 
the refining of copper. 'I he jnetal is extracted by the ordinary 
metallurgical processes so as to obtain plates containing 95 per 
cent, o^urc copper, which are then used as positive electrodes in 
a bath of copper sulphate. The metal is deposited in a state of 
pcrfe\ purity on thin sheets of copper, which form the negative 
electrode, while the impurities fall to the bottom. As the electrodes 
are practically identical, there is no polarisation (497), and the work 
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of the current is solely employed in overcomin” the resistance of 
the baths. Tne application of electrolysis to the extraction of 
metals was of limited use until the powerful currents of dynamos 
(553) became available. In mountainous countries, where water¬ 
power can be had, it may in many cases be practicable to deal 
‘ in siHt vvith the extraction of metals from their ores. 

515. Electrogilding. - The old method of gilding was by means 
of mercury. It was cflfet ted by an amalgam of gold and mercury, 
which wasapplied to the metal to be gilded. 'I'he objects thus 
covered were heated in a furnace, the mercury volatilised, and the 
gold remained in a very thin layer on the objects. The same 
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process was used for silvering ; but they were expensive and un¬ 
healthy methods, and have now been entirely replaced by electro¬ 
gilding and electrosilvering. Brugnatelll, a pupil of Volta, appears 
to have been the first, in 1803, to observe that a body could be 
gilded by means of the battery and an alkaline solution of gold ; 
but De la Rive was the first who really used the battery in.f^ilding. 
The methods both of gilding and silvering owe their present high 
state of perfection principally to the improvements of Elkjugton, 
Ruolz, and others. 

The difference between electrogilding and electrosilvering 
and the processes described in the last paragraph is this—t’^at, 
in the former, the metal is deposited on a nmuld in order to re¬ 
produce the objects given ; while, in the latter, the objects them¬ 
selves are permanently covered with a very thin layer of gold or 
of silver. 

The pieces to be coated have to undergo three preparatory 
operations. 

The first consists in heating them so as to remove the fatty 
;*4)natter which has adhered to them in previous processes/ 

As the objects to be gilded are usually of copper, and their surface 
during the operation of heating becomes covered with a layer of 
suboxide or protoxide of copper, this is removed by the second 
operation. Foi this purpose the objects, while still hot, are im¬ 
mersed in very dilute nitric acid, where they remain until the oxide 
is removed. They arc then rubbed with a hard brush, washed in 
distilled water, and dried in gently heated sawdust. 

To remove all spots they must undergo the third process, 
which consists in rapidly immersing them in ordinary nitric acid, 
and then in a mixture of nitric acid, bay salt, and soot. They 
are then well wwhed in distilled water, and dried as before m’ 
sawdust. 

When thus prepared, the objects are attached to the negative 
pole of a battery of three or four cells, and if they are to be silvered 
they must be immersed in a bath of silver kept at a temperature of 
sixty to eighty degiees. They remain in the bath for a time which 
depends off the thickness of the required deposit. There is great * 
variety in the composition of the bath. That most in use con¬ 
sists of two parts of cyanide of silver and two parts of cyanide of 
potassium, dissolved in 250 parts of water. In order to keep the 
bath in a state of concentration, a piece of silver forms the 
positive electrode, which dissolves in proportion as the silver 
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dissolved in the bath is deposited on the objects forming the 
kathode. 

The processes of electrogilding are exactly like those of 
electrosilvering, with the exception that a bath of gold is used 
instead of one of silver, and the anode is a plate of gold. The 
bath usdi is a solution of cyanide of gold and cyanide of potassium. 

¥he method which has just been described can be used not only 
for gil(lyig copper, but also for silver, bronze, brass, German silver, 
etc. But other metals, such as iron, steel, zinc, tin, and lead, are 
very difficult to gild well. To obtain a good coating they must first 
be covered with a layer of copper, by means of the battery and 
a bath of copper sulphate ; the copper with which they are coated 
is then gilded, as in the previous case. 

When the layers of metals such as lead deposited by electrolysis 
are extremely thin, they exhibit colours like those of soap-bubbles, 
and serve thus for metallic coloration.* The art of producing such 
deposits is known as mciallochromy. 

One of the most valuable applications of the electric deposi¬ 
tion of incCals is what is called the steeling {acicrage) of engraved 
f:opper plates. The bath required is prepared by sii ',pending a large 
sheet of iron connected with the positive pole in a vessel filled with 
a solution of sal-ammoniac, while a thin strip of iron is connected 
with the negative pole. By this means iron from the large plate is 
dissolved in the sal-ammoniac, while hydrogen is given off from the 
yrntilLone. When the bath has thus taken up a sufficient quantity 
of iron, an engraved copper plate is substituted for the small strip. 
A bright deposit of iron begins to form at once, and the plate 
assumes the colour of a polished steel plate. The deposit thus 
q)?^aincd in the course of half an hour is exceedingly thin, but it 
is extraordinarily hard, so that a far larger number of impressions 
can be taken from a plate thus prepared than from a plate of 
ordinary copper. 

Another application which is rapidly extending is that of coating 
metals with nickel or cobalt. 'Fhese fonn a very hard coating whichr 
protects softer metals from mechanical injurj-. Nickel gives a 
bright coaling like silver, which, however, does not tarnish as 
silver does. Cobalt gives a coating of a reddish hue. 

0 516. Secondary cells, accumulators.-- 'I'he chemical decompo- 
sitioi\s effected by the passage of the current (512) put into our 
hands a means of storing or accumulating electricity. For when 
two plates of platinum placed in dilute sulphuric acid arc connected 
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with the poles of a cell, and are then detached from the battery 
and connec ted with any arrangement for showing the passage of 
the electric current, it will be seen that such a current is pro¬ 
duced, but its direction is opposed to that of the original current. 
This may be illustrated by an arrangement represented in fig. 555, 
in which B is a constant cell, V a voltameter (512), G a-^V't^vano- 
meter (521), and H a mercury cup. The wire L being dis^'on- 
nected from H, a current is produced in the voltame*fcr, the 
direction of which is from P to P'; if now the wire F be detached 
from H, and L be connected therewith, a current is produced 
through the galvanometer, the direction of which is from P' I P ; 
that is, the opposite of that wdiich the element had previously 
produced. The current thus produced is due to the polarisation 
of tJu electrodes. By the passage of the current the ultimate pro¬ 
ducts of chemical decompo¬ 
sition—in the above case 
Q oxygen and hydrogen—are 
accumulated on the two 

y electrodes, so that when the 
plates are disconnected from 
the battery, the gases arc 
in a condition in which they 
can readily unite with each 
other, and by their union 
re-form water. Thus^it is^ 
not an accumulation of 
electricity, in the ordinary sense of the word, which is here pro¬ 
duced, but a storage of chemical energy, which can be converted 
into electric energy by the reunion of the separated ions. 

Plante was tb* first to use lead plates immersed in dilute sul¬ 
phuric acid in the construction of storage batteries. Each cell 
consists of two lead plates rolled in a spiral and separated by strips 
of felt or other non-conductor. The general nature of the action of 
charging an accumulator is that the oxygen liberated at the anode 
converts the surface into peroxide of lead {drtrwn or puce oxide)., 
while hydrogen is set free at the kathode; when the charging current 
is reversed, the peroxide is reduced to metallic lead, which, however, 
is in a spongy state, while the other plate is now covered with 
brown peroxide. By repeating this process, with currents alter- 
Jiately in opposite directions, both plates ultimately acquire this 
spongy texture, which enables much more of the peroxide to be 
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formed and thereby renders the cell more powerful. Finally, the 
cell is charged, so that one plate is practically lead peroxide and 
the other metallic lead, and it can now be used as an independent 
source of electricity. The metallic lead plate corresponds to the 
zinc, and the peroxide plate to the copper, of an ordinary primary 
baltery^iut there is no polarisation, as the hydrogen is spent in 
dcQjcidising the peroxide. As the action goes on, the lead plate is 
oxidistd into protoxide of lead and the peroxide is reduced to the 
same condition, and when both plates are alike the action ceases. 
F>ul the cell may be restored to its original active condition by re¬ 
charging from a dynamo or otherwise. The K.M.F. of this cell is 
about two volts, and as the lead 
’plates are of large area and very 
close together, the internal re¬ 
sistance is much less than that 
of any primary cell of the same 
size. 

The storage cells now so 
largely used for electric lighting, 

.traction, and other purposes, 
differ from Plante’s in details of 
construction, but are based on 
the same general principles. The 
tedious operation of forming 
cells by passing successive ciir- 
"renT* in opposite directions be¬ 
tween the plates is now to a 
large extent dispensed with. 

Each plate consists of a lead 
"^rld (fig. 556), the spaces in 
which are filled with a mixture 
of oxides of lead formed into a paste, the positive plates being 
thicker and containing a larger quantity of active oxide than the 
others. 

f' iis* 556 shows one of the storage batteries of the Electric 
•Power Storage Company ; it will be seen that the whole of one set 
of six plates forming the negative electrode are fitted together, and 
a corresponding set of five plates, also joined together, can be 
placed between the other set, being kept from touching each other 
by staples or studs of some insulating matcnal. Each set of plates 
forms in effect a single large one, which is thus placed with its 
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coated face opposite the coated faces of the other plates. The 
object in storage cells is to increase the surface, and lessen the 
weight as far as practicable, and also, by bringing the plates near 
each other, to diminish the internal resistance. A given number 
of such cells may by suitable commutators be combined so as to 
produce at will the effects of high potential or of quantity.^' 

The electromotive force of a storage cell on dischargers a 
little over 3 volts ; if the cell is discharged immediately aft/r being 
charged it rapidly falls to 2 volts, at which it remains pretty constant, 
falling very slowly to r85 to r8 volt, after which it falls off rapidly 
again until the charge is exhausted. It is found best not to le*^ 
the discharge fall much below 2 volts, as this is prejudicial to the 
durability of the cell. 

The capacity of a storage cell is scaled in ampere-hours ; for 
example, a cell whose capacity is 80 ampere-hours will provide a cur¬ 
rent of I ampere for 80 hour*, 4 amperes for 20 hours, and so on. 

The efficiency of an accumulator is the ratio between the 
electric energy available in the discharge and the energy absorbed 
in the charge. The efficiency of modern accumulators* of the best 
construction is about 80 per cent. 

In accumulators which are to be used for driving the motors of 
Iranxcars or electric launches, the capacity is of first importance, 
while in the case of stationary accumulators, as in electric lighting, 
the efficien''y is the chief point. 
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CHAPTER IX 

RELATION BETWEEN ELECTKICITy AND MAGNETISM 

517. Relation between magnetism and electricity.—Early in 
*the history of the two sciences, the .analogy was remarked which 
existed between the phenomena of electricity and magnetism. It 
w.as observed that like kinds of electricity repelled each other, ask 
also did like kinds of magnetism, and that unlike kinds attracted." 
It had, moreover, been observed that lightning, in striking a ship, . 
often reversed the polarity of compass-needles, and even some¬ 
times robbed them of all magnetic power. But though there are 
• many points of resemblance between electricity and magnetism, 
the dissimilarities are numerous. For instance, magnetic propertied 
^ cannot be transmitted to good conductors, as can electric propertiesl 
% A magnet ])laced in contact with the earth does not lose its mag-| 
netism as an electrified body loses its electric charge. Again,! 
'^Ifctricity can be produced in all bodies, while magnetism is only! 
^ manifested by a very small number. Among these resemblancesi 
and dissimilarities, nothing could be affirmed respecting any 
definite relation between electricity and magnetism until towards 
jLhe end of 1819, when Oersted, professor of physics in Copenhagen, 
m*ade a memorable discovery, which for ever intimately connected 
these two physical agents. Thus arose a new branch of science 
called electromagnetism ^ to express that the phenomena are at 
once magnetic and electric. 

■518. Action of currents upon magnets.—The fact which 
Oersted discovered was the directive action of currents upon 
,‘magnets. He found that electric airrents have a directive action 
i upon the magnetic needle^ and always tend to set it at right angles 
' to their own direction. 

To verify this action of currents upon magnets, the experiment 
is arranged as shown in fig. 557. A magnetic needle, AB, movable 
upon a pivot, being at rest in the direction of the magnetic 
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meridian, a wire parallel to the meridian is held over it and a 
current is allowed to pass through the wire. The needle is then 
seen to deviate from its position of rest, oscillate, and ultimately 
come to rest in a position inclined to the magnetic meridian ; the 
deviation from the meridian being greater the closer the wire to 
the needle and the stronger the current. 

^ In this cxperiniont the direction in which the needle is deflected 
varies with the direction of the current; if the current gots from 
south to nortli .-ibove the needle, the north pole is deflected to the 
west; if, on the ctmtrary, it goes from north to south but still 
above the needle, the north pole is deflected to the east. When 
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the current passes be^w the needle, the same phenomena are 
reproduced, but in exactly the reverse order. All these different 
cases were reduced to a single one by Ampere. 

519. Ampere’s rule.—Amp&re gave the following memoria 
ivchnica^ by which all the various directions of the needle under 
the influence of a current may be remembered. If we imagine an 
observer placed in the wire in such a manner that the current 
entering by his feet issues by his head, and that his face is always 
turned towards the needle, we shall see that in the above four 
positions the north pole is always deflected towards his left 
hand. By thus personifying the current, the different cases may 
be comprised within this general principle: ihs! tUvArifntif 
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I action of currents on magnets, the north foie is always deflected 

f towards t%e left of the current. 

520. Mag^netic field due to a current.—The fact discovered by 
Oersted is a particular case of the general principle that an electric 
current is always accompanied by a magnetic field all round it. 
In the c^e of a linear conductor the lines of force in the field are 
circles in planes perpen¬ 
dicular' to the current, 
having their centres in 
the axis of the wire The 
existence of the field may 
be shown by a vertical 
wire forming part of 
an electric circuit which 
passes at right angles 
through a piece of card¬ 
board or thin wood. 

When iron filings are 
sprinkled on the cardboard they are seen to arrange themselves— 
when the cardboard is ^apped—in circles as represented in fig. 
558. If the direction of the current in the wire, xy, is that shown 
by the arrow, the direction of the lines {i.e. the direction in which 
a free north pole would move) is to the left of an observer 
swimming with the current. The direction of the particles of iron 
i ^ iat which very small magnets would have if placed there. 

\vfien a copper wire through which a fairly strong current is 
flowing is dipped into iron filings, the filings cling to it all round 
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(fig. 559), each particle setting itself perpendicular to the wire ; 
they become detached as soon as the circuit is broken, and there is. 
no action on any non-magnetic metal. 

• The fact and direction of the magnetic field in the neighbour¬ 
hood of a straight conductor may be shown also by the apparatus 
of fig. 560. NS is a bent magnet,, pivoted at p, lo as to turn 
about a vertical axis. In the bend is a cup of mercury, m, in con¬ 
ducting connection with the magnet, while tt is a circular trough 
of mercury always in contact with the magnet by the arm, a. The 

T T 
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lower end of a vertical copper wire, t, dips into the mercury, w, its 
upper end, as well as the mercury in //, being connected with a 
battery. When the circuit is completed the magnet pole, N, rotates 
round the wire in the anticlockwise direction if the current flows 
up the wire as rc[)resented in the figure. If the current be re¬ 
versed, the direction of rotation will be reversed. 9 

In the case of a bent wire the lines of force due to the paesage 
of a current, instead of being exact circles, will be more or less 
deformed. If the current be a circular ring, the system of lines of 
force will be as shown in fig. 561, in which a a' are sections of the 
ring made by the plane of the paper. The current is supposed ' » 



Fig. 560. 

come up from below at and pass down through the plane of the 
paper at a. Near the centre of the ring the lines are straight and 
parallel. Close to the circumference they are nearly circular. 
• Each line of force is a closed curve threading the ring. 

I ^521. The name^i^^^o/aeter or multiplieris given tc^an 

an electric 

Icurryjl .may be determined. It was invented by Schweigger, in 
Ciermany, a short time after Oersted’s discovery. 

^ In order to understand-its principle, let us suppose a magnetic 
needle, ab^ suspended by a silk thread (fig. 562), and surrounded, 
in the plane of the magnetic meridian, by a copper wire forming a 
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complete circuit, round the needle in the direction of its length. 
When this wire is traversed by a current, it follows, from what 
has been .said (518), that in every part of the circuit an observer 
lying in the wire in the direction of the arrows, and looking 
at the needle, ab^ would 
have his Jeft always turned 
towajjdsr the same point 
of the horizon, and conse¬ 
quently that the action of 
the current in every part 
would tend to turn the north 
pole in the same direction— 
that is to say, that the 
actions of the four branches 
of the circuit concur to give 
the north pole the same 
direction. By coiling the 
copper wire in the direction 
of the needle, as represented 
ip the figure, the action t^f 
the current has been viulii- 
plied. If, instead of a single turn of wire, there are several, pro¬ 
vided they are insulated, the action becomes still more multiplied, 
and the deflection of the needle increases—or, what is the same 
thing, a much feebler current is required to produce a given 
d?lfeciton. 






h" 
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As the directive action of the earth continually tends to keep 
the needle in the magnetic meridian, while the current tends to 
place ft at right angles to this direction, the needle wall take up a 
position inclined to the meridian at an angle which is greater the 

T T 2 
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less the earth’s action on the needle. This action may be diminished 
by using an astatic system of two needles, as shown in hg. 563. 
An astatic system consists of two needles rigidly connected to¬ 
gether, with equal magnetic moments (418), parallel magnetic axes, 
and opposite poles in the same direction. The Earth’s mag¬ 
netism acts equally but oppositely on the two needles so that 
if the conditions of astaticism were exactly realised, the system 
would rest in any direction. But since the two needles are never 
exactly alike magnetically, the system will come to rest in the 
magnetic meridian, the directive action of the earth on it being 
equal to the difference of its actions on the two needles separate*''. 
The action of the earth on the system is consequently very feeble, 
and, further, the actions of the current on the two needles become 
accumulated. In fact, the action of the circuit, from the direction 
of the current indicated by the arrows, tends to deflect the north 
pole, of the lower need’e, ab^ towards the west. The upper 
needle, a'b\ is subjected to the action of two contrary currents, no 
and qp ; but as the first, no^ is nearer, its action preponderates. 
Now, this current no^ passing below the needle, evidently tends to 
turn the north pole a' towards the east, and consequently the pole b' 
towards the west—that is to say, in the same direction as the 
pole a of the other needle. 

From these principles it will be easy to understand the ex¬ 
planation of the astatic needle galvanometer. The apparatus repre¬ 
sented in fig. 564 consists of a thick brass plate resting on leveUing 
screws ; on this is a copper frame on which is coiled a great number 
of turns of wire covered with silk. The two ends terminate in bind¬ 
ing screws, n and m. Above the frame is a graduated circle, with a 
central slit parallel to the direction in which the wire is coiled. By 
means of a fine fllansent of silk, an astatic system is suspended ; it 
consists of two needles, ab and a'h' (fig. 563), one above the scale, 
and the other within the bobbin of wire. 

In using the instrument it is so adjusted that the needles, and 
also the slit, are in the magnetic meridian, so that the upper needle 
points to the zero of the scale. 

To show, by means of the multiplier, the electricity developed 
in chemical actions—for instance, in the action of acids on metals— 
two platinum wires may be attached to the binding screws, m and 
n. One of them is then plunged in very dilute sulphuric acid, and 
the other placed in contact with a piece of zinc held in the hand, 
which is dipped in the liquid (fig. 564). An immediate deflection 
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is observed, which indicates the existence of a current; and, from 
the direction which the north pole of each needle assumes, it is seen 
that the direction of the current is that indicated by the arrows. 

For certaih kinds of experiments it is desirable that the 
galvanometer should have a very large number of turns of wire, 
say fron^2o,ooo to 50,000, i,e. that its resistance should be large. 
SueJk^vanometers are called long-coil galvanometers. A short- 
coil gMvanotneter is one with a few turns of tolerably thick wire ; 
such a one would be used in a thermo-electric circuit. 



Fig. 564. 


c Tangent galvanometer.—This is a form of galvanometer 

specially suited for measuring the strength of currents. It con¬ 
sists of a small number of turns of stout wire, or even of a single* 
one, forming a ring of 8 or 10 inches in diameter (G, fig. 569). In 
tHe centre is suspended a small magnetic needle not more than 
about an inch in length and playing over a graduated scale, by 
which the deflection can be measured ; as this is difficult with so 
small p needle, it is provided with a long light index. 

If the ring be placed in the magnetic meridian, and dif¬ 
ferent currents be allowed to pass round the ring or coil, it will be 
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found that the magnetic needle is deflected to varying extents ; 
and it can be proved that the strengths of the various currents are 
proportional, not to tlie angles of deflection themselves, but to the 
trigonometrical tangents of such angles ; and it is from this property 
that the name of the apparatus is derived. Thus, if the angles 
observed m three different cases are 30°, 45°, and 60®, t^« corre¬ 
sponding strengths of currents will be as tan 30° : tan 45° : taR'6o°, 
or, as *58 : I : 1 73. 

523. D’Arsonval’s galvanometer.—In this instrument the prin¬ 
ciple of the preceding ones is reversed ; the magnet is fixed, while 
the existence and direction of the current are indicated by th- 
motion of the coil of wire in which the current iiself flows. 

Between the poles of a powerful horseshoe magnet (fig. 565) an 
insulated coil of wire of many turns is suspended ; one end of the coil 
is attached to the wire by which the coil is suspended, while the 
lower end is connected with«i metal strip m connection with a bind¬ 
ing screw ; the rod by w'hich the frame is supported is also connected 
with a binding screw. 

Inside the movable coil is an iron cylinder whicli’strengthens 
the magnetic field. When the current i)asses, the coil tends tl> 

set at right angles to the 
line joining the poles, and 
for small angles the cur¬ 
rent is proportional .to the 
angle of deflection ^tjik.is 
read off by means of the 
light of a lamp reflected 
on a scale from a light 
mirror attached to the 
coil, a mode of observation 
of great delicacy and ac. 
curacy, and much used in 
physical measurements. 
The galvanometer is al¬ 
most dead-beat —that is to 
say, the coil sets almost 
imnicdialely in its final 
position. 

The instriiinent itself 
is based on an apparatus devised by Lord Kelvin (W. Thomson) 
for telegraphing through the Atlantic cable. 
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524. Ohm’s law.—We have already seen that in a complete 
voltaic circuit there is always a certain force at work, to which is 
due the production of electric effects in the circuit, and to which 
the term electromotive force (507) is applied. Now, any circuit is 
made up of various materials : the metals themselves, the exciting 
liquid, ^e wires ; the apparatus used to detect or measure the 
stre;|jgH® of tlio current or to demonstrate its effects. No substance 
whatever is a perfect conductor ; all offer a certain obstacle or 
* resistance to the passage of the electricity (507), and this resistance 
varies greatly according to the dimensions of the materials and 
their special nature. The strength of current produced by any 
given combination depends on the ratio of these two factors ; it is 
yirectly proportional to the electromotive force, and is inversely 
proportional to the resistance, so that with a given electromotive 
force the current is stronger the smaller the resistance, and, con¬ 
versely, with a fixed resistance the ciprrent is -stronger the greater 
the electromotive force. The principle known as Okm's law states 
that the strength of a current (in amperes) is equal to a fraction, 
the numerator of which is the E.M.F. of the battery (in volts) and 
.the denominator the totai resistance of the circuit (in ohms). 

In voltaic combinations a distinction is drawn between the in¬ 
ternal and the external resistance, the former being that which is 
offered by the liquid between the plates, while the external resist¬ 
ance includes the joining wires ancl the whole of the apparatus in 
which the electric effects are to be produced. 

Id order to construct a voltaic cell with a low internal resist¬ 
ance, the plates should be large, and should be close together in 
the liquid. 

If we have four cells, we may arrange them in a battery so 
"tlfat the zinc of one is joined to the copper of the next, the zinc of 
this to the copper of the third, and so on ; this is the arrange¬ 
ment in series^ and is represented in fig. 566 ; this gives a battery 
with four times the electromotive force and also four times the 
resistance of a single cell. Or, the four cells may be arranged abreast 
or in parallel (fig. 567) where all the zincs arc joined together and 
•all the coppers ; the effect is to produce a single cell of four times the 
size, and therefore of one-fourth the internal resistance (507), but 
of no greater electromotive force ; for this only depends on the 
nature, and not at all on the dimensions, of the metals (507). We 
may further arrange them so that tAvo cells are joined in parallel, 
forming a single cell of double the size, and then two of these 
double cells are joined in series (fig. 568). 
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If we have twelve cells, the student will see that he can arrange 
them in six different ways. 

If each of the twelve cells has an E.M.F. of i volt and an internal 
resistance of i ohm, and if the external resistance is 20 ohms, then 
if the cells are in series the total E.M.F. is 12 volts, and the total 
resistance 20 + 12 = 32 ohms ; hence the strength of the wrrent is 
I ampere. If the cells are arranged all in parallel, tii« re¬ 
sistance of the Ijattery is ohm, and therefore the total resistance 
20 + = W ohms. The E.M.F. being in this case i volt, the 

strength of the current is ^ ampere. The current strengths in 
each of the other possible modes of arranging the twelve cells ma^ 
easily be calculated. 


Fig. <566. 




Fig. 567- 



Simple calculations based on Ohm’s law enable us to tell what, 
with a given number «f cells and a given external resistance, is' 
the best way of arranging them so as to produce the maximum 
effect. If the external lesistance is great, as with a long length of 
telegraph wire, the cells should be arranged in series ; if, on the 
contrary, it is small, such as a short thick magnetising spiral or 
an electrolytic tank, the cells should be arranged in parallel. 
The general principle is that the best lesult is obtained when the 
l^^mtal internal resistance of the battery is equal to the total ex¬ 
ternal resistance. 

525. Laws of electric resistance. We shall make use of 
tangent galvanometer (522) to demonstrate t.ie laws of electric 
. jresistance, a matter of great importance both from the practical and 
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also from the theoretical point of view. Suppose we connect a con¬ 
stant cell, B (498), with the binding screws of a tangent galvano¬ 
meter, G, in the manner represented in fig. 569, in which C and C' 
are two mercury cups, which enable us readily to introduce into 
the circuit wires of different materials and dimensions. If, in the 
first ca^, the coiled wire, R, represents a short length of the same 
wirf^afs the connecting wires, which are usually copper, the needle 
of the galvanometer will be deflected through a certain angle, 
■^and the tangent of this angle is a measure of the strength of the 
current. 

Suppose now a greater length of the same wire be interposed : 
the angle of deflection will be smaller, showing that the current 
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is weaker ; and by the introduction of a still greater length it 
will be still more enfeebled. Hence, other things being equal, the 
current is weaker when it has to traverse a greater length of a 
*“glV’en conductor, or the resistance of a body increases with its 
length. 

If now we substitute for the original wire, R, another wire of the 
same length and the same material, but of smaller diameter, the 
current is weaker ; and by taking a still thinner wire it is again 
more enfeebled. On the contrary, if the same length of wire, of 
the same material but of greater diameter, be introduced, the 
current is stronger. Hence the smaller the section of a conductor^ 
the greater is the resistance. 

Again, if for the original copper wire we take a wire of the same 
length and the same diameter, but of some different material, such 
as iron, we shall find that the current is weaker ; and if the wire 
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be of German silver or of lead, it is still more enfeebled, showing 
that the resistance of a body depends on its specific nature. 

Continuing and varying these experiments, we arrive at the 
following general law : the resistance of any body is directly pro¬ 
portional to its lengthy and is inversely proportional to its cross 
section and to its conductive power. 

Relative Ckdss Sections op Wires which tor the same Leno'iii 
OFFER EQUAL RESISTANCES. 

Copper. Iron. Lead. Mercury. 


i 




I 


1 


Relative Lenoths ok Wires which for the same Cross Section offer 

EQUAL Resistances. 


Fig. 570, 


Of all substances in ordinary use, copper, when pure, is by far 
the best conductor ; silver has only a slight advantage over copper 
in respect of electric conductivity. Fig. 570 represents the relations 
of a few of the metals in this respect. 

The quality of a metal has a great influence on its conducting 
power ; the presence in copper of.minute traces of certain sub- 
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stances, which* it would be difficult to determine by chemical 
methods, greatly diminishes its conductivity or, what is the same 
thing, increases its resistance. This is very important in the wires 
used in long lines of telegraph communication, more especially in 
the submarine cables (540). An impurity in the wire, which has the 
effect reducing its conductivity, would have the same effect as 
if tlwcurrent had to traverse an additional number of miles of 
the wire. 

Those metals which have a high conducting power for heat are 
those also which are good conductors of electricity. 

The resistance of liquids is much greater than that of metals ; 
thus, dilute sulphuric acid, which has the highest conductivity of 
all liquids, has about a million times as great a resistance as 
copper. 

I'he resistance of a body varies with the temperature ; that of 
metals increases with the temperaturt; for instance, iron at a white 
heat has seven times as great a resistance as at the ordinary tem¬ 
perature. That of liquids, on the contrary, is diminished. Hence 
it is that the resistance of batteries is diminished after they have 
been in action for a while ; for whenever the circuit is closed, heat 
is produced in all parts of it, including the liquids, and thus the 
internal resistance is lessened. 

526. Shunts. We may here desciibe the action of a shunt. 
Imagine a voltaic circuit made up of a battery, conducting wires 
and a galvanometer, and that the resist¬ 
ance of the battery is 2 ohms, that of the 
conducting wires or leads i ohm, and the 
resistance of the galvanometer is 100 ohms. 

Let the electromotive force of the battery 
"be E, to which for our present purpose we 
need assign no numerical value. Then, 
according to Ohm’s law (524), the current 

will be - ~ = ^ . 

2 + I + 100 103 

Suppose now that a wire, s, having a 
resistance of one ohm, be joined atthe points 
a f (fig. 571), a portion of the current will be 
shunted through s : the current which divides 
will do so in the proportion of 100 to i (512)—that is, 100 parts will 
pass through the shunt, and one part through the galvanometer. 
Now by adding the shunt the value of the primitive currentis altered. 
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The resistance of any two conductors joined in parallely as it is 
termed, is equal to the product of the two divided by their sum ; 

in this case it is * or virtually unity. So that the current 

101 

E EE 

which was -is now = . But of this increased 

loi 2+1+14 ^ 

current — part only passes through the galvanometer—thal is, 

lOI 


the current in it* is - or practically one quarter what it was 

404 

before. 

Galvanometers are often provided with resistance bo^es (527) 
arranged as shunts, so that any given portion of the current niay 
be passed through the galvanometer. It is thus possible to use 
very delicate galvanometers for measuring even powerful currents. 

527. Electric units.—It is perhaps one of the most charac¬ 
teristic features of the modern progress of electricity that, not only 
for purely scientific purposes, but also for the most ordinary 
practical applications, the quantities of electricity concerned can be 
determined with as great accuracy as can any weighing and 
measuring in daily life. All electric measurements may be ex¬ 
pressed by reference to certain fundamental standards, just as in 
ordinary life we have certain standards of weight and length. In 
an elementary work it is not practicable to give any adequate, and 
yet brief, account of the scientific basis of this system of electric 
measurements, and we may content ourselves with adopting and 
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using them, just as w^e use the 
pound as standard of weight 
and the foot as measure of 
length, without entering into 
the reasons which have led to 
the adoption of these standards. 

It has already been pointed 
out (507) that three of the stan¬ 
dard electric units—viz. those 
of resistance, electromotive 
force, and current strength- are 


called respectively an ohniy a voUy and an ampere. The ohniy which is 


defined by reference to a column of mercury (507), is usually repre¬ 


sented by a certain length of wire of a dehnite material and dia¬ 
meter. *buch a length of wire is called a resistance-coily and is 
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usually employed in a resistance-box. Fig. 572 represents the way 
in which several such coils are arranged in the inside of a box. 
Each cpil consists of a certain length of insulated wire, representing 
a definite resistance and wound double ; the ends are connected to 
solid pieces of brass. These pieces are not in contact, but can be 
connected by the insertion of brass plugs. 

* terminals of a circuit are connected with TT' (fig. 572) 
^airatfll the plugs are inserted, the resistance-box offers no appre- 

•'ciable resistance, for the current passes by the plugs and the 
massive metal; but by the removal of any of the plugs the current 
has to pass through the wire 
coil between the two brass 
•pieces, and thus its resist¬ 
ance is introduced into the 
circuit. In the case repre¬ 
sented in the figure the 
current has to traverse a 
resistance of 4 ohms. 

The coils are in multiples 

^and submultiples of ohms, 

^ and are so arranged that 
their combination may be as 
greatly varied with as few 
resistances as possible. Thus, 
a set of eleven coils of O’l, 

0-2, t)*2, 0*5, 2, 2, 5, 10, 10, 

20, and 50 enables us to in¬ 
troduce any resistance from 
O'I to 100 into the circuit. 

" A form of resistance 
much in use for technical 
purposes is represented in 
fig. 573. The spiral wires 
are of German silver, and 
the straight ones are stout 

• copper wires which offer no 
appreciable resistance, both being connected with studs on a frame 
of insulating material. The terminals are at k and ky the one on the 
right being connected with a metal spring having an insulating 
haddle. This can be moved backwards and forwards, and thus 
be placed in contact with any of the studs with which the resistances 
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are connected. In this way, as an examination ot, the figure will 
show, any number of resistances from i to lo may be brought 
into the circuit, the spring being so wide that continuity js never 
broken. 

A mile of No. 8 iron telegraph wire, the diameter of which is 
J of an inch, has a resistance of about 14 ohms. One hundred 
yards of hoop iron, half an inch in breadth, and one thirtyV^ond 
of an inch in thickness, has a resistance of one ohm. * ' 

A resistance of one million ohms is called a megohm^ and a*" 
resistance equal to the millionth part of an ohm is a microhm. 

The electromotive forces, in volts, of some of the more common 
cells have been already given (507). 

The Ampere^ or unit of strength of current, is defined fi .mi' 
Ohm’s law (524) as being that current which would be produced 
by an electromotive force of a volt acting in a circuit through a re¬ 
sistance of an ohm ; or, for instance, what is the same, an E.M.F. 
of 10 volts through a resistance of 10 ohms. A milliampere is the 
TTi'dTs of an ampere. The currents in ordinary use for electric 
lighting have a strength of from lo to 70 amperes or eiicn more ; 
those in working the telegraph from 14 to 16 milliamperes. An 
ordinary-sized Daniell’s element with an internal resistance of 1-3 ' 
will give a current of 0'8 ampere when put on short circuit.^ or short- 
circuited as it is technically called ; that is to say, when its poles 
are joined by a wire which has no appreciable resistance. In like 
manner a Bunsen’s element whose internal resistance is 3^0 of an 
ohm, in the same condition will produce a current of 18 ampeies. 

The Coulomb is the unit of quantity of electricity; it is that 
quantity which flows in a second of time through a circuit which 
has a resistance of an ohm with an electromotive force of a volt ; 
or, in other words, it is that quantity which passes in one second 
with a current of an ampere. 

The Voltcoulodib^ or unit of electric work^ is the work done 
when a coulomb of electricity falls through a difference of potential 
of a volt; it is precisely analogous to the foot-pound or unit of 
mechanical work (286), and is known as the Joule. 

When this amount of electric work is done in one second, we 
have the unit of electric power or activity ; it is the effect produced 
when a coulomb of electricity passes in a second of time under an 
electromotive force of one volt; in other words, it is the rate of 
expenditure of energy when there is a current of one ampere under 
^ electromotive force of one volt. This Voltampere^ or unit of 



Voltmeter 


^ 27 ] 



* 

electric power, is usually known as the Watt. A horse-power is 
equal to 746 watts, or one watt is of a horse-power, or, what is 
the same, to 074 foot-pound (286) or 0*102 kilogrammetre. That 
is to say, that the amount of mechanical work represented by 0-74 
of a foot-pound, if it could be converted into electricity without 
loss, would produce for one second a current of an ampere under 
ifcan of one volt. 

^^*Kilowati^ or Board of Trade unit, is 1,000 watts, and is equal 
to I *34 horse-power. 

The important industrial applications of electricity have led to 
the invention of amperemeters or ammeters^ instruments by which 
the strength of a current in amperes may be directly read off. The 
•amperemeter or ammeter is essentially a galvanometer in which the 
motion of the needle is controlled by a spring or by being placed in 
a powerful magnetic field. The instrument is graduated empirically 
by passing through it currents of J^nown strength, which may 
be determined by a copper or silver voltameter (512), and noting 
the corresponding positions of the needle. 

The Voltmeter, which is not to be confounded with the volta- 
^yieter {^12), is also a special form of galvanometer by which the 
^'difference of potentials or number of volts betw'een any two parts 
of a circuit can be indicated by a simple reading. The coil is of 
long fine wire, offering so great a resistance that it can be inter¬ 
posed as a shunt in the circuit without appreciably altering the 
strength of the current. It also is graduated empirically by noting 
on a Scale the deflection of the needle when the ends of the wire 
are exposed to various known differences of potential. 
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CHAPTER X 

ELECTRODYNAMICS 

528. Action of currents on currents. -Ampere was led by 
experiment to the important discovery that electric cjrrcnts act 
on each other as do magnets ; and out of this has arisen a spe(.iai 
branch of physics, to which the name eleitrodynamics has been 
given. The actions which currents exert on each other are dif¬ 
ferent according as they are oarallel or angular. 

"P, 1. Two currenh which 
arc parallelj but in lon- 
frary directions^ repel 
each other. 

X II. Two currents.^ 
parallel and in the iame 
direction^ attract each 
other. 

To verify these laws 
use may Ije made df the 
apparatus represented in 
fig. 574. On a wooden 
base are fixed two brass 
columns, A and H, joined 
at the top by a wooden 
cross-piece. In the centre 
of this is a brass binding 
screw, a, and below this a mcrcuiy cup, o. In this is placed an 
iron pivot attached to the end of a copper wire which is bent in 
the manner represented in the figure, and terminates in a meicury 
cup, C, on the base of the apparatus. It thus forms a circuit 
movable about the pivot. 

This being premised, the circuit is arranged in the plane of the 
two columns, as shown in fig. 574 ; the positive pole ot a voltaic 
battery is connected to the foot of the column A, and the negative 
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pole to the top of B. The current passes up A and thence by a 
copper wire to the binding screw, a ; thence into the cup, 
traverses*, the entire movable circuit in the direction of the arrows, 
reaches the cup, C, whence by a copper strip it passes to the foot 
of the column, B, rises in this, and returns to the battery. When 
the current passes, the circuit moves away from the columns, and, 
.ifter^^few oscillations, comes to rest crosswise to its original 
p( 5 Sfiioh, thus showing that the ascending current in the columns 
•and the descending current in the movable wire repel each other, 
thereby proving the first law. 

The second law may be established by means of the same 
apparatus, replacing the movable circuit depicted in fig. 574 by 
another so arranged that the current ascends in both the columns 
and in the two branches of the circuit. When the movable circuit 
is displaced, and the current is passed, the latter returns briskly 
towards the columns. ^ 

Angular currents .—In the case of two angular currents, one 
fixed and the other movable, Amp6re found that there was attrac¬ 
tion when both the currents moved towards, or both away from, 
tjje apex of the angle; and that repulsion 
..ook place when, one current moving towards 
the apex, the other moved away from it. In 
other words, two straight currents tend to 
become parallel to each other with the 
currents flowing in the same direction. 

52c/ Roget’s vibrating spiral. — The 
attraction between currents in the same 
diosetion may be very beautifully illustrated 
by Rogefs vibrating spiral (fig. 575). A 
oph-al of copper wire is fixed at one end to a 
binding screw, attached to an adjustable 
metal support, a; which, together with a 
binding screw, terminating in a cup, are fixed 
on a non-conducting base. The lower end 
of the spiral, which is weighted, dips in 
mercury in the cup. The poles of a battery 
being connected with the binding screws, the spiral at once begins 
to oscillate up and down. For the individual turns of the spiral 
are traversed by the current and attract each other; the spiral 
becomes shorter, its lower end no longer dips in the mercury, and 
the current ceases to pass. Owing to their weight, the windings, 

U u 



Fig. 575. 
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being no longer uttriicted, sink again, the end dips in mercury, the 
current again passes, the individual turns again attract each 
and so on. The action is improved if a soft iron rod or .a b^dle 
of thin iron wires is introduced into the spiral. 


SOLENOlT).S 


530. Structure of a solenoid.—A solenoid is a system OflaiJal 
and parallel circular currents formed of the same piece of coverea’ 
copper wire, and coiled in the form of a helix or spiral, as re¬ 
presented in fig. 576. A solenoid, however, is only complete when 
part of the wire passes in the direction of the axis in the interior 

of the helix, as shown in fiif- 
576. With this arrangement 
the solenoid, when supported 
^ by means of the pivots in two 
suitably placed mercury cups 
(see fig. 583), and a current passed 
V through it, is directed by the 
Pig Pyg earth exactly as if it were.^ a 

magnetic needle. If the sole. 

noid be deflected it will, after a few oscillations, rest with its axis' 
in the magnetic meridian. Further, it will be found that, to 
an observer facing the north end of the solenoid, the current is 
circulating in the direction opposite to that in which the hands ot 
a watch move. If he faces the south end, the direction of the 
current is the same as that of the hands of a watch. 
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531. De la Rive’s floater.- The properties of solenoids may be 
very conveniently illustrated and studied by means of what is known 
as la floater. This consists of a copper wire bent i:»^a 

ring or twisted in the form of a solenoid, the ends of the wire being 
soldered respectively to small plates of zinc and copper w'hich are 
passed through a cork (fig. 577}. If this apparatus be floated on 
a basin of slightly acidulated water, the \'oltaic action set up between 
the plates produces a current which traverses the solenoid. This 
then sets in a direction of magnetic north and south, and behaves 
in this respect just as if it were a magnet floated on a piece of cork 
(fig-432). 

If, instctid of the solenoid in fig. 577, the wire be coiled in the 
form of a ring, and the pole of a magnetised bar be presented to 
the ring, it will be seen to move along the rod, which it encircles. 
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towards the middle, where it remains stationary. This action is 
-ittwilrative of the general principle that when a coil or circuit in a 
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magnetic field is traversed by a current, it places itself so as to 
jhclosc the greatest number of lines of force. 

532. Mutual action of magnets and solenoids.—The same 
phenomena of attraction and repulsion can be shown between 
two solenoids or between a solenoid and a magnet as between two 



Fig. 578 . 


magnets. For if one of the poles of a magnet be presented to a 
movable solenoid, traversed by a current, attraction or repulsion 
will take place, according as the poles of the magnet and of the 
solenoid are of contrary or of the same name (fig. 5^78). The same 
• u u 
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phencmenon takes place when a solenoid, traversed by a current 
and held in the hand, is presented to a movable magnetic ngM^e; 
Hence the law of attractions and repulsions applies to th^ case of 
the mutual action of solenoids and of magnets. Similarly when 
two solenoids traversed by a powerful current are allowed to act 
on each other, one of them being held in the hand, and the other 
being movable about a vertical axis as shown in fig. 578, aV^cticw^'^ 
and repulsion will take place just as in the case of two maghebs.' 

If a magnet is suspended just within the axis of a solenoid' 
or magnetising spiral and a current is passed through it, then 
according as the pole of the magnet and the spiral are opposite or 
are the same, the magnet is drawn into or repelled 
from the spiral. If instead of a magnet a soft iroti 
rod is presented, this is drawn within the coil, and the 
more so the stronger the current. This principle is of 
frequent application in the regulation of arc lamps ; 
and fig. 579 represents in section a spring ammeter 
based on it for measuring the strengths of currents, 
which from its simplicity may serve as an- illustration 
of the technical instruments used for this purpose 
(527). S is a mtigmetising spiral terminating in bind-, 
ing screws. E is a thin cylinder of pure soft iron with 
an index z, and is attached to a spiral spring,/ The 
position of the spring can be adjusted by means of a 
screw, so that when no current passes, the index is at 
zero of a scale at the side of the cylinder. By fjassing 
various currents of known strengths and noting the 
corresponding positions of the index, the scale, is 
graduated, so that, on passing any current through, 
its strength in amperes is at once shown. The coTT- 
struction is improved by fixing a soft iron rod in the 
magnetising coil which projects inside the soft iron 
cylinder, E ; this is magnetised by the current, and, 

. adding its effect to that of the current, a greater degree of sensi¬ 
tiveness is obtained. 

These phenomena are readily explained by reference to what 
has been said about the mutual actions of the currents, bearing in 
mind the direction of the currents in the ends A and A' presented 
to each other. 

533. Ampere’s theory of magnetism,—Amp&re propounded a 
most ingenious theory, based on the analogy which exists between 
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sole noids and magnets, by which all magnetic phenomena may be 
"rSevred to electrodynamic principles. 

]x Instead of attributing magnetic phenomena to the existence 
of two fluids, Amp6rc assumed that each individual molecule of 
a magnetic substance is traversed by an electric current. When 
^ the magnetic substance is not magnetised, these molecular currents, 
fin^^gi^the influence of their mutual attractions, occupy such 
^ positions that their total action on any external substance vanishes 
Magnetisation consists in giving to these molecular currents a 
parallel direction, and the stronger the magnetising force the more 
perfect the parallelism. The h'mit of magnetisation is attained 
when the currents are completely parallel. 

The resultant of the actions of all the molecular currents is 
equivalent to that of a single current which traverses the outside of 
a magnet. For by inspection of fig. 580, in which the molecular 
currents are represented 
by a series of small in¬ 
ternal circles in the tw'o 
ends of a cylindrical bar, 
will be seen that the 
adjacent parta of the evv- 
renis oppose one another, 
and cannot exercise any 
external elect rodynainic 
action^ which is not the 
case with those on the 
surface. 

• The direction of these currents in magnets can be ascertained 
by considering the suspended solenoid (fig. 576). If we suppose 
if traversed by a current, and in equilibrium in the magnetic 
meridian, it will set in such a position that in the lower half of 
each coil the current flows from east to west. We may then 
establish the following rule. 

To an observer facing the north pole of a magnet the direction 
of the Ampirean currents is opposite that of the motion of the hands 
of a watch^ and at the south pole the direction is the same as that 
of the hands. 

534. Terrestrial current.—In order to explain terrestrial 
magnetic effects on this supposition, the existence of electric 
currents is assumed which continually circulate round our globe 
from east to west, perpendicular to the magnetic meridian. 
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The resultant of their action is a single current traversing the 
magnetic equator from east to west. These currents are suppdS^ 
to be thermoelectric currents (562) due to the variations of tempe¬ 
rature caused by the successive'influence of the sun on the different 
parts of the globe from east to west. 

These currents direct magnetic needles ; for a suspended mag¬ 
netic needle comes to rest when the molecular currentsSia it^ 
under surface are parallel to, and in the same direction as, the 
earth currents. As the molecular currents are at right angles to 
the direction of its length, the needle places its greatest length at 
right angles to east and west—that is, it sets north and south. 
Natural magnetisation is, in accordance with this viev/, probrMy 
imparted in the same way to iron minerals. 

535. Vibrating wire. Barlow's wheel.—An interesting ex¬ 
ample of the action of a magnet on an electric current is seen in 

the experiment represented in fig. 
581. HQ is a wire playing in a 
loop connected with one pole of a 
battery, the other pole of which 
leads to a groove containing inel - 
cury which is between the poles 
of a horseshoe magnet. When the 
current passes, the wire vibrates 
either towards the magnet or away 
58^' from it, according to the direc¬ 

tion in which the current passes. This is readily understood if we 
consider the direction of the imaginary currents circulating in the 
magnets on Ampere’s hypothesis. The molecular currents ab and 
cd on the side next the wire determine the motion ; they attract 
a current going in the same direction, HQ, and the wire is mov^ 
inwards. Its contJKrt with the mercury is soon broken, the current 
then ceases to pass ; it falls again by its own weight, the current is 
again made, and so on, the end of the wire vibrating continually in 
and out of the mercury. If the current is in the opposite direction, 
that is from Q to H, there is repulsion between the molecular 
currents in the magnets and in the wire ; the molecular currents 
repel this, and the vibration is towards the outside. The result 
m.iy of course be otherwise explained without reference to Ampere’s 
theory. It has been seen (520) that a current in a straight wire 
.produces a magnetic field all round it, and that if the wire be fixed, 
a movable north pole in its neighbourhood tends to travel towards 
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the left of an imaginary observer swimming with the current 
■?fh^iiarly, if the pole be fixed and the wire carrying the current be 
movable^ the wire will move towards the right hand of the swimmer. 
This consideration leads at once to the result observed with the 
apparatus of fig. 581. 

A further illustration is afforded by Barlow^s wheel (fig. 582). 
jrhis^^nsists of a light copper disc, with deep indentations, form- 
mgv sort of star rotating easily 
in a fork, and the points just 
dipping in a groove containing 
mercury between the poles of a 
horseshoe magnet. When wires 
from a battery are connected as 
showm in the figure, the ^ tar at 
once rotates, and the direction 
of the rotation depends on the 
direction of the current. 

If, as shown in the figure, 
the current passes downwards 
•through a vertical spoke, the 
latter moves towards the right, 
contact is then broken and made by another spoke, and the spokes 
follow in such rapid succession as to produce continuous rotation. 

This result may be explained on Ampere’s theory, or, more 
easily, by reference to the imaginary swimmer. 

53 ?i- Action of magnets and of the earth on currents.—A further 
illustration of the mutual action of currents and magnets is afforded 
by the apparatus illustrated in fig. 583. A circle of copper wire, 
provided at the end with steel points, dips in two mercury cups. 
These mercury cups are at the ends of two metal rods attached to 
two vertical columns, with which can be connected a cell or 
battery. By this arrangement, which is known as Amphr^s stands 
we have a movable circuit traversed by a current. When the 
hoop is at rest, if a powerful magnet be placed beneath it, but ip 
its plane, the circuit will be seen to turn and set transversely to the 
length of the bar^ ’which is the converse of Oersted's experiment. 

The terrestrial globe, which acts like a magnet on magnetic 
needles, acts in the same manner on the movable circuits—that is 
it causes them to set at right angles to the magnetic meridian. 
Thi^ action may be demonstrated by the above apparatus. Let 
the hoop, before the circuit is completed, be placed in the magnetic 



Fig. 582. 
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meridian, and then the two poles of the battery connected with the 
two columns; the circuit is soon observed to set transverselj*-to 
its first position, and in such a way that, in the lower par*- of the 
circuit, the direction of the current is from east to* west. 



583. 


The hoop with its circulating current behaves, when placed in 
a magnetic field, exactly like a thin disc of steel magnetised with 
one face north and the other south. Such a disc, if suspended by 
a point on its circumference, will settle to rest with its north pole 
towards the magnetic north, and its plane perpendicular to the 
magnetic meridian. 
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CHAPTER XI 

ELECTROMAGNETS. TELEGRAPHS 


537. Electromag^nets. —When an insulated copper wire 
coiled round a rod ^ magnetic substance (fig. 584), a nd a curr ent 
passed through tlie wire, the rod ¥ecornes magnetised, the more 
-stron^lyjtlie greater the number of turns of wire coiled on it, anH 
th6_stronger the current. In other words(the magnetic effecTis 
proportional l6“the"m!finber of ampere-turns^ One end of the rod 
is a north pole, the other end a south^pole. The lines of force due 



Fig. 584. 


to' the magnetised rod may be investigated by means of iron 
filings (411), and will be found to be exactly similar to those observed 
r/ith an ordinary steel magnet. If the rod experimented on is of 
steel, a large part of the magnetism remains after the circuit has 
been ^broken. (>^he steel is permanently magnetised, and indeed 
this is the most effective method of making a permanent magnet. 
If the rod be of soft wrought iron, the magnetism acquired is 





Fig. 585- 


greater than in the case of steel, but'^lasts only so long as the | 
current flows. Practically all the. maghetism disappears when tli^ ^ 
circuit is brokeni If the current be reversed, the polarity is 
•simultaneously r^ersed. The connection between the direction 
of winding, the direction of the 4 :urrent, and the polarity of the 
magnet is shown in figs. 584 and 585. In the former the winding 
is right-handed, in the latter left-handed, but in both it will be 
noticed that if to an observer looking at the end of the coil the 
current is going round in the same direction as the hands of a 
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watch, that end of the rod is a south pole. Or, the rule may be 
Stated thus ; the north pole will always be to the left of a swiipmer* 
in the wire, who is swimming with the current and looking uA'ards 
the magnetised core. 

Electromagnets are bars of soft iron whic h, under the 
influence of a voltaic current, become magnets j they frequently 
have the horseshoe form, as shown in fig. 586, and several i. vers 
of insulated copper wire are wrapped round them on the two 
branches, so as to form two bobbins, A and B. | Ia.^Qcder that theA 
two ends of the horseshoe may be of opposite polarity, the winding! 
on the two limbs, A and B, must be such that if the horseshoe 1 
were straightened out it would be in the same direction.. 

The core of an electromagnet, instead of being made in one 
piece, is more usually constructed of two iron cylinders, firmly 

_ screwed to a stout piece of 

S traction of an electromagnet 

number of ampere-turns, the 
diameter of iron core, and 

1 between the poles and the 
keeDgTj^ An electromagnet 
need not be very powerful to 
support one person (fig. 586'). 

538. Electric telegraphs. 
These are apparatus by which 
signals can be transmitted to 
considerable distances, and 
with enormous speed, by 
means of voltaic currents 
propagated in metal wires. 

■ Towards the end of the last 

- - of the present, many philo¬ 

sophers proposed to corre¬ 
spond at a distance by means of the effects produced by electric 
machines when propagated in insulated conducting wires. In 
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,1811 Soemmering invented a telegraph in which he used the de- 
comjMsition of water for giving signals. In 1820, at a time when 
the el^tromagnet was unknown, Ampere proposed to correspond 
by means of magnetic needles, above which a current was sent, as 
many wires and needles being used as letters were required. In 
1834 Gauss and Weber constructed an electromagnetic telegraph, 
^n \"4'^ch a voltaic current transmitted by a wire acted on a mag¬ 
netised bar; the oscillations of which, under its influence, were 
observed by a telescope. They succeeded thus in sending signals 
from the Observatory to the Physical Cabinet in Gottingen, a dis¬ 
tance of a mile and a quarter, and to them belongs the honour of 
Jiaving first demonstrated experimentally the possibility of elec¬ 
tric communication at a considerable distance. In 1837 Steinheil 
in Munich, and Wheatstone in London, constructed telegraphs in 



Fig- 587- 


.which several wires each acted on a single needle, the current 
being produced in the first case by an electromagnetic machine, 
and in the second by a constant battery. 

Every electric telegraph consists essentially of three parts : 
I, a circuit^ consisting of a metallic connection between two places, 
and a source of electric current; 2, a communicator or sender^ for 
sending the signals from one of the stations ; and, 3, an indicator 
or receiver, for receiving them at the other station. The manner 
*in which these objects, especially the last two, are effected can be 
greatly varied. The three principal systems are the needle tele¬ 
graph, the dial telegragh, and the Morse telegraph. 

The needle telegraph is essentially a vertical galvanometer (521); 
that* is to say, a magnetic needle suspended vertically in a coil of 
insulated wire. To the needle is attached an index, which is seen 
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on the front of the apparatus. The signs are made'by transmitting 
the current in different directions through the galvanometM, by 
which the needle is deflected either to the right or left, according 
to the will of the operator. The instrument by which this is 
effected is called a key^ or commutator. 

In the dial telegraph an electromagnet causes an index to move 
over a dial provided with the twenty-six letters of the alph’jie^ 
that letter in front of which the needle stops being the letter sent. 
By this kind of telegraph messages are not sent with great rapidity, 
and the mechanism is somewhat complicated and apt to get out of 
order; yet, as the manipulation is very simple, it is occasionally 
found in private offices. 

539. Principle of Morse’s telegraph.—This telegraph is based 
on the temj^orary magnetisation of soft iron by the intermittent 



passage of currents. Thus let E (fig. 587) be a fixed electro¬ 
magnet, the insulated wires of which are attached to the two binding 
screws, a and b. Above this electromagnet is a lever, mn^ movable 
about an axis, f, and^nding in an armature of soft iron, ///, so that, 
whenever the electromagnet is traversed by a current, the armature 
is attracted, and the part of the lever on the right of the fulcrum is 
lowered ; then, when the current no longer passes, a spring, R, 
raises the lever to an extent regulated by a screw, O. 

Suppose, for example, the electromagnet is at Bristol, and that 
there is a cell, P, at London, and two metal wires, A and B, by 
one of which the binding screw, is permanently connected with 
the negative pole of the battery, while the experimenter holds the 
other wire in his hand. So long as the experimenter does not 
,\!^|>lace the wire, which he holds in his hand, in contact with the posi- 
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tive pole, the cijrrent does not pass ; and as the electromagnet does 
not act, the arm, of the lever is raised (fig. 587). But the moment 
cont^t is made, the circuit is closed, the electromagnet attracts, 
and the arm, int^ is lowered (fig. 588) ; but it resumes its original 
position as soon as contact is broken, and so on at the will of the 
operator. Thus one person at London can cause the lever, w«, to 
,osciyate at Bristol as often and as rapidly as he desires. This is, 
•fh U? simplest form, the principle of the elementary mechanism of 
electric telegraphs based on electromagnetism. It only remains to 
give to these oscillations a definite meaning (543). 

Q 540. Line wire.—Of the various essentials for telegraphic com¬ 
munication, the batteries or sources of power have been already 
'described, and we shall there¬ 
fore pass to the explanation of 
the circuity or line wire. 

Line wires are either air^ 
subterranean^ or submarine. 

The air wire consists of 
a stout galvanised iron vvire 
. connecting two stations. At 
certain inten^als are wooden 
posts, to which are attached 
insulating supports of porce¬ 
lain, which sustain the wire 
(fig. 589). Subterranean wires 
are used in cases in which 
an aerial wire would not be sufficiently protected against accident, 
p.s in towns. They usually consist of copper wires covered with 
'gutta-percha ; this insulates them from the earth in which they are 
placed. 

Submarine wires or cables are such as are employed in deep 
seas, where great strength is required. The ordinary form is 
represented in figs. 590 and 591. The core consists of seven fine 
wires of very pure copper, which are twisted together. This is sur¬ 
rounded by an insulating coating of four consecutive layers of 
•gutta-percha alternating with the same number of layers of a 
material known as Chattertofis compound^ which is essentially a 
mixture of resin, pitch, and gutta-percha applied hot. Round 
this is a layer of tarred hemp, and this again is surrounded by a 
protective coating of steel wire coated with tarred hemp, which 
preserves it from the corrosive action of the sea. 



Fig. 589. 
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Fig. 590 gives a longitudinal view of a submarine cable, and 
fig. 591 a cross section. The diameter of such a cable is about an 



Fig- 590- Fig. 591. 

inch, it weighs about a ton to the mile, and its resistance is from V 
to 10 ohms per mile. 

541. The earth as a conductor.—In figs. 587 and 588 we 
have not merely a wire connecting the positive pole of the battery 
with the electromagnet, but there is a second one which acts as a 
return wire. In 1837 Steinhhil made the very important discovery 
that the earth might be utilised for the return conductor. This 



has the twofold advantage of doing away with the expense of a 
second wire and also of lessening the resistance. 

With this view, at the sending station, a copper wire is attached 
to the negative pole, which is fixed at the other end to a copper 
plate, Q. This plate is placed in water if possible (fig. 592), or at 
all events is sunk some depth in earth, the object being the same 
as in making the earth connection of a lightning conductor. In 
like manner, at the receiving station, a similar wire and plate, S, 
are connected with the binding scS-ew, b. Ihus, the circuit i§ 
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completed by the earth between the plates Q and S,*and the 
electricity circulates exactly in the same way as when, instead of 
the earth, there was a metallic return wire, B (587). The resist¬ 
ance between the plates Q and S is comparatively small, and, 
provided they are not too close together, is independent of their 
distance apart. 

542. Morse’s telegraph.—Fig. 593 represents a station at which 
despatch is being sent by the help of this apparatus, and fig. 



Fig. 593 . 

594 represents the receiving station. At each station the appara¬ 
tus is the same ; it is double, and consists of two distinct parts—the 
key^ by which the signals are sent, and the receiving instrument^ 
which registers them. The two parts are represented on a larger 
scale in figs. 595 and 596. 
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To understand how they work, let us begin with fig. 593. Below 
the table is a box containing the battery, which furnishes the current. 
The current passes by the wire, B, into the key, which will be after¬ 
wards described (fig. 595). Thence it passes into a small galvano¬ 
meter, which indicates by the deflection of its needle whether 
the current is passing or not. The current ultimately attains the 



594 - 

piece, M, which acts as a lightning-conductor, as we shall afterwards 
see, and thence it goes to the wire, L, which is the line wire. 

This wire is again seen at the top of fig. 594, whence the 
arriving current again passes into the lightning-conductor, then 
into a galvanometer, and next to a key, whence it passes into the 
electromagnet, which makes part of the receiver. It then enters 
the wire, T, which leads it to earth. 
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543. Morse’s. key and receiving: instrument. — The general 
arrangement of the apparatus being understood, the following are 
the details of its action. The key consists of a small mahogany 
base, which acts as a support for a me^al lever, hk (fig. 595), 
movable about a horizontal axis in the middle. The end, 11 , of this 
lever is always pressed 
vmwards by a spring, r, 

JTOheaih ; at the other 
end a screw passes 
through it, which rests 
'^n a small metal sup¬ 
port in contact with the 
vvire, A. Fig. 595 re- 
• presents the key at the 
moment it receives the despatch, as at work, for instance, in 
fiR* 596. The current enters then by t^e wire, L, which is the line 
wire, rises into the lever, hk^ and descends by the screw pin, rf, 
into the wire. A, which leads to the indicator.. If, on the other 
hand, the key is to be used for sending a message, as represented 
in fig. 593, it will be seen that the lever, kh^ docs not touch the 
metal pin in which the wire, P, terminates. But if the lever, //, is 
lowered by pressing the end, B, the current, P, at once passes into 
the lever, M, and thence into the wire, L, which leads it to the 
station signalled to ; for the same wire is used to send and to 
receive the message. 

Th£ indicator or receiver consists of an electromagnet, E (fig. 
596), which, whenever the current is transmitted, attracts an arma- 
t^e of soft iron, 

fixed at the 
end of a lever, 
nm, movable 
about an axis ; 
when the circuit 
is open, the lever 
is raised by a 
spring, R. At 
the other end of 
the lever there is 

a pencil, r, which writes the signals. For this purpose a long 
band'of strong paper, ab, rolled round a drum, S (figs. 593 and 
594), passes between two brass rollers with a rough surface, turn- 




X X 
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ing in contrary directions. Drawn in the directipn of the arrows, 
the band of paper becomes rolled on a second drum, Q, which is 
turned by hand. A clockwork motion placed in a box, Y, works 
the rollers between which the band of paper passes. 

The paper being thus set in motion, whenever the electromagnet 
works, the point, strikes the paper, and, without perforating it, 
produces an indentation, the shape of which depends on the time 
during which the point is in contact with the paper. If Tt </frry* 
strikes it instantaneously, it makes a dot (-); but if the contact is 
of any greater duration, a line or dash (—) of corresponding length 
is produced. Hence, by varying the length of contact of the trans-.^ 
mitting key at one station, a combination of dots or dashe^ may 
be produced at another station, and it is only necessary to give a 
definite meaning to these combinations. 

This is effected as follows in Morse’s alphabet :— 


Printing. 

SlNGl.R 

Nkeole. 


Printing. 

Single 

Needle. 

A - 

x/ 


N- 

tM 

B - 

/\\' 


0 - 

mm 

c _ 

AA 


p_ 


D - 

An 


Q- 


£ - 

\ 


R- 

D1 

£ _ 

\\A 


S — 

\VV 1 

G _ 

/A 


T — 

/ 

H ---- 

\NN\ 


TJ- 


I “ “ .jja* 

XV 


V - 

xxx/ 

J , 

Jii 


w_ 

x// 

K_— 

\w f ^ 

u 


X _ 

Ax/ 

li — 

v/vv 



A// 

M 

// 


Z - 

/An 


Fig. 597. . 


The other signals are those ot the single-needle instrument 
(538). The signal \ denotes a deflection of the top of the vertical 
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« 

needle to the left, and the signal / to the right. They correspond 
respectively to the dot and dash of the Morse alphabet, 

544; The sounder.—Any one present while a message is being 
received at a telegraph station is astonished at the promptitude 
and accuracy with which signals are read and transmitted by the 
operators. These acquire such skill that they can read a message 
by the sounds which the armature makes in striking against the 
Electromagnet of the indicator. 

Based on this fact, a form of instrument invented in America 
has come into use for the purpose of reading by sound. The 
'^^osounder^ as it is called, is essentially a small electromagnet on an 
ebonite base, resembling the relay in fig. 600. 7 'he armature is 
attached to one end of a lever, and is kept at a certain distance 
from the electromagnet by a spring. When the current passes, 
the armature is attracted against the electromagnet with a sharp 
click, and when the current ceases it»is withdrawn by the spring. 
Hence the inlervail between the sounds is of longer or shorter 
duration according to the will of the sender, and thus in effect a 
series of short .and long sounds cati be produced, which correspond 
respectively to the dots ;ukI dashes of the Morse alphabet. 

545. Improvements in Morse’s telegraph.—In the apparatus 
just described, the indentations on the paper only give indistinct 



Fig. 5gg. 

dots and dashes, unless the current transmitted be very powerful. 
To get rid of this inconvenience, and to e-\pend less force, the 
apparatus has been modified so that the signals can be traced in 
\dk./ With this view, all the other parts being the same, the fol- 
U^^^ing arrangement is made :— 


X X 2 
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A roller, «, fig. 598, covered with flannel is moistened with a 
suitable ink, and is in contact with an endless band passing round 
on two pulleys, tf, o\ which are turned by the clockwork motion 
which moves the paper. The paper is kept by a roller, very 
near the inked band, but not touching it. That being premised, 
whenever the current passes in the electromagnet, the armature, 
A, is attracted, the arm of the lever, is depressed, and a pin, 
at its end rests on the band, and- places it in contact with tltfe*"' 
paper. The band, depositing the ink which it has taken from the 
roller, makes on the paper, as it moves along, a dot or a dash 
according to the length of time the current passes, which dol,g«- 
and dashes have the same meaning as above. 

546. Lightning-conductor.—Besides the parts of the telegraph 
already described, there are three of which mention must be made : 
the lightning-conductor^ the bell or alarum^ and the relay. 

The object of the lightning-conductor is to preserve the tele 
graphic instruments from damage due to lightning discharges 
which may have struck some part of the circuit with which the 
instruments are in connection. It is well known that a sudden 
charge of electricity like that of a lightning flash, in making its way tc 
earth, will more readily jump across an air space than pass through 
a coil of wire. The lightning-conductor is so constructed as to 
utilise this principle and divert the discharge from the instruments. 

Represented at M in figs. 593 and 594, it consists of a vertical 
stand on which are two copper plates, indented like a saw, and 
airanged so that the teeth are near each other but do not touch.. 
One of these plates is connected with the earth, the other with the 
line wire. Hence, when, from any cause, a discharge of eleclric’^y 
reaches the apparatus, it escapes by the points to the plate which 
is connected witfe the ground, and thus all danger to the instruments 
is avoided. 

547. Electric bell.—'I'hc electric bell is intended to warn the 
receiving station that a message is about to be sent. Represented 
‘in fig. 599, it consists of a board on which is fixed an electromagnet 
by means of a piece of brass, E. The current from the line 
arriving by a binding screw, w, passes to the wire of the electro¬ 
magnet, thence into the armature, «, into a steel spring, c^ which 
presses against the armature, and ultimately emerges by a second 
terminal, n. 

Thus, whenever the current of the line wire reaches the electro¬ 
magnet, the armature,«, is attracted, and a clapper, I', fixed to this 
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armature, strikes against a bell, T, and makes it sound. The 
moment the clapper strikes, as the armature is no longer in contact 
with the spring, C, the current is open, the electromagnet no longer 
attracts, and the armature reverts to its original position by the 
action of a spring, to which it is fixed. 

The current being closed afresh, a second attraction takes 
plac^ and so on until the telegraph clerk, thus warned, lets the 
i^Tiirrent pass directly into the re¬ 
ceiver without passing through the 
alarum. This he accomplishes by 
*fc.gonnecting the terminals m and 
77 by a short strip of brass by 
means of an arrangement called a 
shunt (526). 

Relay .—In describing the re¬ 
ceiver, we have assumed that the 
current of the line coming by the 
line wire, A (fig. 588), entered di¬ 
rectly into ‘the electromagnet, and 
.worked the armature, E: but when 
the current has to traverse a dis¬ 
tance of a few miles, owing to the 
resistance of the wire and the 
losses due to bad insulation, its 
strength is so greatly diminished 
that if cannot act upon the electro¬ 
magnet with sufficient force to 
print a despatch. Hence it is necessary to have recourse to a 
*relay ; that is, to an auxiliary electromagnet, which is still traversed 
by the current of the line, but which serves to introduce into the 
communicator the current of a sufficiently powerful lot al battery 
placed at the station, and only used to print the signals transmitted 
by the wire. 

For this purpose the current from the line entering the relay b^ 
the binding screw, L (fig. 600), passes into an electromagnet, E, 
whence it passes into the earth by the binding screw, T. Now, 
each time that the current of the line passes into the relay the 
electromagnet attracts an armature. A, fixed at the bottom of a 
vertical lever, /, which oscillates about a horizontal axis. 

At each oscillation the top of the lever,;), strikes against a 
' b«ton, «, and at this moment the current of the local battery. 



Fig. 599 - 
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whicli enters by the binding screw, r, ascends the column, w, 
passes into the lever, and, by an insulated contact not shown in 
the figure, descends by the rod, which transmits it to the bunding 
screw, Z ; thence it enters the electromagnet of the indicator, 
whence it emerges to return to the local battery from which it 
started, and thus completes the circuit. Thus, when the current in 
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the line ceases, the electromagnet of the relay, E, docs not act, 
and the lever, drawn by a spring, r, leaves the button, as shown 
in the drawing, and the local current no longer jiasses. Thus the 
relay transmits to the indicator exactly the same phases of make 
and break, dot and dash, as those produced by the key in the 
station which sends the despatch. 
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CHAPTER XII 

INDUCTION IlY ELECTRIC CURRENTS 


• 548. Induction by currents.—^We have already seen (444) 

jhat by the term induction is meant the action which electrified 
bodies exert at a distance on bodies in the natural state. HUKerto 
we have only had to deal with electrostatic induction; we shall 
now see that dynamic electricity produces analogous effects. 

Faraday discovered this class of phenomena in 1833, and he 
gave the name of induction or induced currents to 

instantaneous currents developed in metallic conductors by the 


1 



Fig. 601' 


influence or induction of metallic conductors traversed by electric 
currents, or by the influence of powerful magnets, or even by tl^e 
magnetic action of the earth ; and the currents which give rise to 
them he called ifiducin^ 

The inductive action of currents at the moment of opening or 
closing may be shown by means of a coil with two wires. This 
consists (fig. 601) of a hollow cylinder of wood or of cardboard, on 
w lAha quantity of stout silk-covered copper wire is coileci^ on 
jMs is again coiled a considerably greater length of fine copper wire, 
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also inslilated by being covered with silk. This latter coil, which 
is called the secondary coil^ is connected by its ends with two binding 
screws, from which wires pass to a galvanometer, G, while the 
thicker wire, the primary coil^ is connected by its extremities with 
two binding screws, c and d. One of these, d^ being joined to 
one pole of a battery, when a wire from the other pole is connected 
with r, the current passes in the primary coil, and in this alone. 
The following phenomena are then observed :— 

i. At the moment of completing the primary circuit the galvano¬ 
meter, by the deflection of the needle, indicates the existence in 
the secondary coil of a current inverse to that in the primary coil, - 



Fig. 602. 


that is, in the contrary direction ; this is only momentary, for the 
needle immediately reverts to zero, and remains so as long as the 
inducing current passes continuously through ca. 

ii. At the moment at which the primary current is stopped— 
that is, when the wire cd ceases to be traversed by a current—there 
s again produced in the wire ab an induced current, instantaneous 
like the first, but direct ; that is, in the same direction as the 
inducing current. 

549. Induction by magnets and by the action of the earth. 
It has been seen that the influence of p current magnetise.' a 
steel bar; in like manner a magnet can produce induced electfK 
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currents in metallic circuits. Faraday first showed this t)y means 
of a coil with a single wire of 200 to 300 yards in length. The two 
extremities of the wire being connected with the galvanometer, 
as shown in fig. 602, one end of a bar magnet is suddenly inserted 
in the bobbin, and the following phenomena are observed. 

i. At the moment at which the magnet is introduced, the galva- 
n^eter indicates in the wire the existence of an inverse current; 
one, that is to say, the direction of which is opposed to that which 
circulates round the magnet, considering the latter as a solenoid 
on Ampere’s theory (533). 

, ii. The needle at once returns to zero, and remains there as 
long as the magnet is at rest in the coil; when it is withdrawn, 
the needle of the galvanometer indicates the passage of a direct 
^momentary current; that is, one in the opposite direction to the 
first. 

These effects are also produced if the experiment is made with 
a coil conveying a current instead of with the magnet represented 
in experiment (fig. 602). 

The inductive action of magnets may also be illustrated by the 
following experimentA bar of soft iron, or, still better, a bundle 
of soft iron wires, is placed in the above coil, and one pole, N, of 
a strong magnet is suddenly brought in contact with it; the 
needle of the galvanometer is deflected, but returns to zero when 
the magnet is stationary, and is deflected in the opposite direction 
when it is removed. If the experiment be repeated by introducing 
the Apposite pole, S, the effects will be the same, though the direc¬ 
tion of the currents will be the exact opposite. The induction is here 
-produced by the magnetisation of the soft iron bar in the interior of 
the bobbin under the influence of the magnet. 

A current is induced in a coil forming part of a closed circuit, if the 
lines of force passing through it are in any way altered. If the 
number of lines be increased the current will be in one direction, if 
diminished in the opposite. Ilut so long as the number (whether 
large or small) remains constant, there will be no induced currept. 

Faraday discovered that terrestrial magnetism can develop 
induced currents in metallic bodies in motion, Jind that it acts like 
a powerful magnet placed in the interior of the earth, or, according 
to the theory of Ampfere, like a series of electric currents directed 
from east to west parallel to the magnetic equator. He first proved 
tl^ by placing a flat coil of wire with its plane perpendicular to 
*iie dip needle. On rapidly turning this coil through a semicircle 
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about a (flameter, he observed that at each turn the needle of a 
galvanometer, connected with the two ends of the coil, was 
deflected. 

o 55 °* Extra current.—A long length of insulated wire is wound 
closely so as to form a compact spiral, and one of the free ends is 
connected with one pole of a battery of two or three cells, the 
other pole of which is connected with a mercury cup. On makipj- 
the circuit, by placing the free end of the coil in the mercury, a 
scarcely perceptible spark is obtained. But on breaking the cir¬ 
cuit, by taking the end out of the cup, the spark produced is much 
longer, brighter, and denser. 

This is due to an inductive action which each of the windings 
of the coil exerts on its neighbours, producing a current opposite 
in direction to its own, the effect of which is to retard the esta¬ 
blishment of the steady current. 

When the circuit is broker), inductive action again takes place, 
but its direction is the same as that of the current ; its effect would 
be to prolong the current, but, since the circuit is broken, the 
electromotive force of the induction adds itself to that of the dis¬ 
appearing current, and a far more powerful spark is produced. 
This may be compared in its effects to what takes place when we 
suddenly turn the cock of a high-pressure water serv ice with the 
flow on ; the momentum will sometimes burst the pipe, and in 
like manner this sudden cessation of the current may destroy the 
insulation of the coil. 

The phenomenon described is known as that of self-induction^ 
and the current produced was called by Faraday, the discoverer 
the extra current. 

Its existence may be demonstrated by interposing the body as 
a shunt (526) in a^arcuit containing a single Grove or Bunsen cell 
and a large electromagnet. If the hands be wetted and one hand 
firmly grasp an old file connected with one terminal, while a wire 
from the second terminal is drawn along the teeth of the file by 
th^ other hand, brilliant sparks are seen, due to the successive 
making and breaking of the circuit, and violent shocks are felt in 
the hands and arms. The intensity of the effect depends on the 
change in the number of lines of force enclosed by the circuit at 
each break. Hence the necessity for a large electromagnet {i.e. 
large self-induction). 

The effects of self-induction may be illustrated by the following 
experiment. An alternating current (5Si)j divides into twis. 
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branches, one of which is a coil of insulated wire, while* there is 
a glow-lamp in the other ; the current is so adjusted that the 
lamp Just glows 
(fig. 603). If now 
a soft iron bar 
is suddenly in- 
ted in the coil, 
the lamp glows 
brightly; the effect 
is as if the resist¬ 
ance of the branch 
• 

containing the coil 
’had been increased 
so that a larger 
portion of the current had been diverted through the lamp. This 
apparent increased resistance is dup to an increase of the self- 
induction by the presence of the iron in the coil. 

-551. Magnetoelectric machines.—If in the experiment de¬ 
scribed above (fig. 602) we had some arrangement by which the 
, magnet, A, could be rapidly and regularly moved in and out of the 
coil, the ends of which were joined either directly or by the inter¬ 
vention of a galvanometer, we should have a series of alternating 
currents produced in the circuit. The result is the same, if, while 
the magnet is fixed, the coil is moved towards it—a current will be 
produced in a particular direction ; when the coil is moved away, 
a momentary current is also produced, but in the opposite direction. 
Both in this case, and in the experiments described above, the 
currents are only produced while the relative positions of the coil 
and the magnet are being altered; that is, while the number of 
lines of force passing through the coil is increasing or diminishing. 

Magnetoelectric machines are apparatus which are based on 
these experiments. Fig. 604 represents the essential features of 
one of the simpler forms, such as is used for medical purposes, and 
is selected as conveniently illustrating the principle. NS is^ a 
horseshoe magnet firmly fixed in a suitable position—instead of a 
solid magnet a battery of several magnetic plates is often used— 
in front of the ends of which are two coils or bobbins of wire, CD, 
fitted on soft iron cores which are screwed to the soft iron plate, 
oryoke^ Bli. By means of the handle fixed to the axis, AA, these 
coils can be rotated in front of the poles, NS. The ends of the 
V ires, wm, are connected to an arrangement on which press two fork* 
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shaped springs, insulated by a plate of ebonite from each other, 
and from the magnet to which they are screwed. With these are 
connected two wires which form the electrodes, to which are affixed 
handles, P and Q. 

Let us first suppose the bobbins to be at rest in the position 
shown in the figure, C over N, and D over S. The lines of force 
due to the horseshoe magnet pass from N through the air-gap 
C, through the yoke B, down D, and across the air-gap to the 
south pole of the magnet. The iron cores and yoke act as a sort 



Fig. 604. 


of keeper to the magnet, a«d the 
number of lines passing througl the 
coils is large in consequence; but 
there is no induced current while the 
coils are at rest. We suppose that 
P and Q arc connected so that the 
circuit is complete. Now let the coils 
rotate uniformly, and consider the 
changes in the number and direction 
of the lines of force which pass 
through C and D during one complete 
revolution. As C moves upwards from 
the plane of the paper, the (upward) 
lines of force which pass through it 
diminish in number, and therefore there 
w'ill be an induced current in the circuit, 
which we will call positive. Theiines 
through C vanish when C has passed 
through a quarter of a revolution. As 
C moves through the second quadrant, 
the lines through it increase^ and their 
direction is now downwards because C 
is nearer to S than to N. Hence the 


current is still If we follow the motion of C through the 

th^d quadrant, we shall see that the current is reversed ; it is now 
negative. For as C moves away from S, the lines of force in it 
diminish and are downwards. Lastly, during the revolution of the 
coils through the fourth quadrant, the number of lines through C 
is increasing and their direction is upwards.^ and therefore the 
current has the same sign as when they were diminishing and 
downwards. The current is positive if the lines are diminishing 
^ownwards or increasing upwards ; it is negative if they are in- 
Ireasing downwards or diminishing upwards. 
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What is true of the one coiJ, C, is true of the other,'D, also ; 
care is taken that the wire is coiled on the two bobbins in such a 
manner that the effect in each half-revolution is the same, and thus 
double the effect is produced. 

Hence during a complete revolution of the coils two currents 
^are produced exactly alike but alternately opposite in direction, 
currents are called alternate or alternating currents. For 
some purposes, such as for physiological effects, heating and 
lighting effects, this is of no moment; but where a continuous 
current is required, as in electroplating, it is necessary to adjust 
• the currents so that they all go in the same direction. This is 
effected in the above machine by means of the 
commutator represented on a large scale in 
. fig. 605. On the axis, AA, arc four semicircular 
half-x\n'gs> of metal, insulated from each other 
and from the axis ; the wires, m lyid «, from 
the coils (fig. 604) are connected with these 
rings, m with a and d, and n with b and c. 

Now we have seen that the currents in tn and 
• n are alternately positive and negative. When 
m is positive, a is positive and c is negative ; 
the contact springs, x and j, press on a and 
and the current travels from x to and so to 
the electrodes ; but when in the rotation of the coils C and D, 
the current is reversed, and m is now negative and n positive, the 
sprihg X presses on b and y on so that the direction of the 
current is still from x to y. 

0552. Gramme’s magnetoelectric machine.—An' improved mag¬ 
netoelectric machine is that invented by Gramme, which gives 
continuous currents. One form of this apparatus which is designed 
for lecture purposes is represented in fig. 606. It consists of a 
horseshoe magnetic battery, one, that is, consisting of a number 
of thin steel plates magnetised separately, and then joined together, 
and provided at the ends with soft iron pieces which form the 
poles. Between these is a ring-shaped armature or inductor^ 
which is the characteristic feature of the apparatus ; its principle 
was first discovered by Pacinotti, and that depicted above, which 
is a modification of Pacinotti’s, is known as Grantmds ring. It 
consists not of a solid ring of soft iron, but of one made by coiling 
a great length of fine iron wire. Round this is wound at right 
angles a series of separate coils of insulated wire, which are 
represented alternately black and white. On the centre of the 
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ring, ancf rotating with it, is a cylinder made up of .alternate strips 
of metal and insulator known as the commutator segments. The 
coils on the ring form a continuous whole, for the end of cads, one 
is joined to one of the metal strips, as is also the beginning of the 
next. On this cylinder press flat bundles of w ire, bb^ which con¬ 
stitute the brushes. When the ring is rotated, one of the supports 
of the collecting brushes becomes charged with positive and j 
other with negative electricity; they form the poles of the machine, 
so that when they arc connected by a wire, or by any apparatus— 
in the figure it is a secondary battery (5*6)—a current of electricity 
is produced which lasts as long as the rotation lasts. These cur-, 
rents are not alternating like those of the machine described above 
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( 45 ') ; they are far more powerful, and are also continuous- that 
is, they are always in the same direction. Space cannot here be 
given for an adequate explanation why the currents are continuous ; 
it is sufficient to say that the various explanations given depend on 
a consideration of the direction of the induced currents developed 
by the poles of the permanent magnet in the coils of the armature 
^ in its successive positions while rotating between them. 

The currents produced by machines of this class, like that of 
any voltaic battery, depend in each case on the ratio of the electro¬ 
motive force to the resistance of the circuit (507). The latter 
depends once for all on the length and diameter of the wire coiled 
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on the ring indjictor and on the external resistance ; thd electro¬ 
motive force depends on the strength of the permanent field- 
magnets, and on the velocity with which the ring is rotated. Such 
an apparatus as that represented above, when worked rapidly by 
hand, has an E.M.F. of about 15 volts. 

Great improvements have of late years been made in the con- 
Vruction of magnetoelectric machines ; partly by increasing the 
povver and number of the magnets used to produce the field, partly 
by increasing the length and number of the coils and modifying the 
w'ay in which the wire is coiled, and partly, again, by arranging them 
. so that they come more completely within the action of the magnetic 
field. Such machines may be worked by water or by steam power, 
and they furnish the most practical and economical method of 
producing powerful electric currents. In principle this mode of 
producing electricity is cheaper than that of voltaic currents ; but 
the electricity produced by magnet^ machines, if not worked by 
water jwwcr, and that of voltaic currents, both depend in the last 
resort upon the combustion of coal. In magnetoelectric machines 
the coal is directly consumed in vvorking the steam engine which 
drives the machine ; in the battery coal is used in the metallurgical 
extraction of zinc. Now it can be shown that the consumption of 
a given weight of coal can produce far more electricity in the 
former case than in the latter. 

o 553. Dvnamoelectric —^Ve may imagine in 

Gramme’s machine that ''%ave electromagnets excited by a 
voltdic battery instead of permanent steel magnets ; it will be 
obvious that since electromagnets are much more powerful than 
permanent magnets of the same size, the induction currents pro¬ 
duced will be more powerful also. Machines in which this prin¬ 
ciple was applied were devised by Wilde, and far more powerful 
effects were produced by them than had hitherto been obtained. 

X still more important improvement is the following—the prin¬ 
ciple of which was discovered by Sir C. Wheatstone, and by Sir W. 
Siemens independently, but first applied by the latter. Suppose 
that, instead of the permanent magnets, we have a horseshoe¬ 
shaped core of soft iron wrapped round with wire, that is, an 
electromagnet; and suppose further that the wives of this electro¬ 
magnet are connected with those of the armature which rotates 
between its poles. There is always, even in the best soft iron, a 
trace of residual magnetism (435) which is sufficient to excite 
a weak induced electromotive force in the armature as it rotates ; 
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this E.M*.F., if the circuit is complete, gives rise to a current which 
traverses the coils of the electromagnet, and increases the magneti¬ 
sation of the core; this augmented magnetism in turn increases 
the strength of the currents in the inductor, and so this reciprocal 
action between the inductor and the electromagnet goes on pro¬ 
ducing an ever-increasing strength of current, which, indeed, in 
any particular case is only limited by the saturation of the iron an'’ 
the speed of the inductor. Machines based on this principle, 
which transform mechanical energy into the energy of electric 
currents, are called dynamoelcctric^ or, more briefly, dynamo 
machines^ in contradistinction to magnetoelectric in which 

permanent magnets are used. Both are, however, strictly speakiiig, 



dynamo machines, for 
the electricity is in 
both cases produced 
at the expense of 
mechanical work. 

Fig. 607 repre¬ 
sents the essential 
features of one of the 
small - sized vertical 
machines of this kind 
made by Messrs. 
Siemens. A charac¬ 
teristic is the cylinder 
or drum armature. 
The field magnets 
MM' and MM' have 
their similar poles 


pj|y.6o7. together by 

the soft iron strips 

N (and S, not seen in the figure, on the further side of the machine), 
which are bent so as to almost completely encircle the armature j 
they are in detached pieces, so that air can freely circulate 
between them, and thereby the temperature be kept down. 

The armature itself, D, consists of a number of discs of soft 
iron formed into a cylinder or drum and fixed to an axle which rests 
in the strong upright supports, and is rotated by means of power 
transmitted to the pulley A. The wire is coiled on this ; one end 
is attached to a commutator segment as in Gramme’s machine 
(552 )) it passes lengthwise round the drum in several turns, and 
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the other end is attached to a similar segment, which is diametri¬ 
cally opposite the first. The wire is continuous, the connection of 
the individual strands being effected by means of the commutator 
segments. On these rest two pairs of brushes connected respectively 
with insulated binding screws, from which the current passes through 
\the wires of the fixed magnets, and thence by the terminals,^, 
to ;be external circuit. 

The advantage of this construction is that from the length of 
the armature, and from the wires being on its surface and quite close 
to the poles of the fixed magnets, the influence of the latter is 
gjeater. 

A small machine of this kind, which does not occupy a space 
of more than three cubic feet, and rotating with a velocity of 15 
•tuins in a second, which is effected by i.J horse-power, can pro¬ 
duce an arc-light of 1,400 candles. The larger sizes produce far 
more powerful effects, but require, of cejurse, greater power to work 
them. They arc, however, relatively more economical. 

^ 554. Electric transmission of power.—If the binding screws 
of two Gramme’s machines, or other dynamos, A and B (fig. 608), 
ve connected by wires of 
even considerable length, and 
if one of them is rotated, 
the armature of the second 
one rotates with correspond¬ 
ing rapidity. Here the first 
machinfefurnishes the current 
at the expense of the work 
used in turning it, the second 
one is set in motion and transforms the energy of the current into 
mechanical energy. This application is of great importance, as it 
demonstrates the possibility of transmitting mechanical power to a 
distance by means of simple metal wires, and without the use of 
wheels, or shafting, or wire ropes, or water tubes, which are the 
usual modes of transmitting power. But electricity has the impor-* 
tant advantage that, as has been proved by actual experiment, 
power can be transmitted by its means to considerable distances, 
while the transmission by the ordinary agencies is restricted to 
comparatively short distances. 

For the electric transmission of power three things are 
essential—a source of power, which on the large scale would be a 
. gas or steam engine, or a water-wheel or turbine ; a dynamo 
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generatory and a second dynamo in conducting communication with 
the first, which is the motor ; this can do the work which any other 
motor can do—turn machinery, saw wood, pump water, and the 
like. I'lie whole of the energy of the mechanical motor—that 
which drives the generator—does not appear in the electromotor ; 
some of it is transformed into heat in the conducting wires ; but it/ 
has been found that as much as 70 per cent, of the energy of^+be 
motor can be transmitted even through over 100 miles of wire 
This application has become of great service where natural sources 
of power are available, such as waterfalls and rivers, or possibly 
tidal energy. Water power is employed to w'ork water-wheels or 
turbines, which in turn work some form of dynamo machine, and 
the electric power thus created is transmitted to the place where it 
is to be utilised, and thus new industrial centres may be created. . 

n 555. Classification of dynamo machines.—The principal types 
of dynamo machines are depicted in figs. 609-612, originally due 

to Professor Sylvanus Thompson. The arma¬ 
ture rotates in the space between the large 
pole pieces of the field magnets in the clock¬ 
wise direction. In the figures the commutator 
and brushes only are shown. Fig. 609 repre¬ 
sents a machine the field magnets of which are 
excited by a separate machine or by a battery. 
It is known as a separately excited machine. 
The brushes are connected to the external 
circuit. The magnetic field in which the arma¬ 
ture rotates will be constant if the exciting 
current is constant, and so the induced electro¬ 
motive force which depends upon the rate of * 
of force will be constant for a given speed of 



Fig. 609. 


cutting the lineS 
rotation. The action is in fact the same as that of the magneto¬ 
electric machine already described (552)- 

Fig. 610 represents what is called a series wound machine, 
•The field magnet coils, the armature, and the external conductors 
are in series with each other, forming a simple circuit. This 
arrangement has the defect that variations in the external resist¬ 
ance pay produce large changes in the current. If the resistance 
were doubled the current would be halved, supposing the E.M.F. 
to remain constant; but the E.M.F. does not remain constant, for 
as the current through the field magnet coils diminishes, the field 
becomes less intenseand therefore the E. M.F. falls. Accordingly the 
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current becomes less than half what it was. If the current is stopped 
the field magnets almost entirely lose their magnetism. Conse- 
quentlythere is no difference of potential between 
the terminals of the machine when the circuit 
is broken, and in this respect the series wound 
dynamo differs from a battery. Such machines 
car not be used to charge accumulators, for 
there is always a danger that the E.M.F. of the 
latter may overpower that of the dynamo, in 
which case the polarity of the field magnets 
would be reversed and the accumulators would 
be discharged instead of charged by the machine. 

A third type is that represented in fig. 611, 
and is known as the shunt wound dynamo. 

The field magnet coils and the external re¬ 
sistance are in parallel or shunt with each other, instead of in 
series as in the series wound dynamo. The brushes are con¬ 
nected with the external circuit—^for- instance, an electroplating 
bath—and klso with the ends of the field magnet qpils. These 
coils are of fine wire, and have a considerable resistance. When 
the machine is running there will always be a current through the 
field magnets, whether the external circuit is 
completed or not. If a break occurs in the ex¬ 
ternal resistance the effect is that a more powerful 
current passes through the field magnets, which 
are thus again in readiness to act when the 
circuit is restored. An increase in the external 
resistance has but small effect : for if the E.M.F. 

m ^ 

rentained constant the current would only dimi¬ 
nish in accordance with Ohm’s law, and as a 
relatively larger proportion of the current now 
goes through the field magnets, the latter are 
more strongly excited, and thus the E.M.F. in¬ 
creased ; the current is, in fact, lessened in a 
smaller degree than that in which the resistance is increased. 
Such machines are used for electroplating and other electrolytic 
work. 

The compound wound dynamo is represented in fig. 612. It 
is a combination of series and shunt machines. Imagine the 
machine to be series wound to begin with, th^ field magnet coils 
consisting of a comi^ratively small number of turns of thick 
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wire ; and then let the brushes be joined to the ends of other 
field magnet coils of considerable resistance as in the shunt 
machine. 

Dynamos may be compounded either for constant potential 
or for constant current. Constant potential machines are used for 

electric lighting where glow-lamps are the 
source of illumination. The lamps 
arranged in parallel as shown in the figure. 
The difference of potential between the 
terminals being constant, the current through 
each lamp, and therefore the light it gives^ 
will be unaltered when other lamps are 
switched on or off. Constant current dynamoS 
are used for driving arc-lights in series. 

Ti. 556. RuhmkorflTs coil.—This is an ar- 
rangegient for producing induced currents 
by the action of a voltaic current, the circuit 
of which is alternately opened and closed 
in rapid succession. These instruments, known as inductorimns 
m induction present considerable variety in their construction^ 
but all consist essentially of a hollow cylinder in which is a bar of 
soft iron, or bundle of iron wires, with two helices coiled round it, 
one (the primary) connected with the poles of a battery, the circuit 
of which is alternately made and broken by a self-acting arrange¬ 
ment, and the other (the secondary) serving for the development 
of the induced current. By means of these apparatus, pliysical, 
chemical, and physiological effects are produced by the aid of 
three or four Grove’s cells, equal to and superior to those obtain¬ 
able with electric machines and even powerful Leyden batteries. * 
, Of all the forms.gpf induction coils, those constructed by Rulim- 
korff in Paris, and by Apps in England, are the most powerful. 
Fig. 613 is a representation of one, the coil of which is about 14 
inches in length. The primary wire is of copper, and is about 2 
ipm. in diameter and 4 or 5 yards in length. It is coiled directly 
on a cylinder of cardboard, which forms the nucleus of the 
apparatus, and is enclosed in an insulating cylinder of ebonite. 
On this is coiled the secondary wire, which is also of copper, and 
is about ^ mm. in diameter. An important point in connection 
with induction coils is the insulation. The wires are not merely 
insulated by being in the first case covered with silk, but each 
individual coil is separated from the rest by a layer of melted shellac. 



Fig. 612. 



Induction Coil 




The length of the secondary wires varies greatly ; in some of the 
largest sizes it is as much as two or three hundred miles. With 
these great lengths the wire is thinner, about ^ mm. 

The following is the working of the apparatus. The current 
arriving by the wire, P, at" a binding screw, a, passes thence into 



Fig. 6i^. 

• 

,the commutator, C (fig. 613); thence by the binding screw, 3 , it 
enters the primary wire, where it acts inductively on the secondary 
wire ; having traversed the primary wire it emerges by the wire s 
(fig. 614). Following the direction of the arrows, it will be seen 
that the current ascends the 
short pillar, /, reaches an 
oseillhting piece of iron, <?, 
called the hammer^ descends 
by the amil^ //, and passes 
int o a copper plate, K, which 
takes it to the commutator, 

C. It goes from thence to 
the binding screw, c, and 
finally to the negative pole 
of the battery by the wire 
N (fig. 613). The current in 
the primary wire only acts 
inductively on the secondary wire (548) when it starts or stops, and 
hence it must be constantly interrupted. This is. effected by means 
of the oscillating hammer, 0, omitted in fig. 613, but represented 
on a larger scale in fig. 614. In the centre of the bobbin is a 
bundle of soft iron wires forming together a\ylindtr a little longer 
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than tKe bobbin, and thus projecting at the ei^d as seen at A. 
When the current passes in the primary wire, this hammer, 0^ is 
attracted ; but immediately, there being no contact between 0 and 
hy the circuit is broken, the magnetisation ceases, and the hammer 
falls ; the current again passing, the same series of phenomena 
recommences, so that the hammer oscillates with great rapidity. 

The current thus passes intermittently in the primary wirg of 
the bobbin, and at each break and make of tThe primary induced 
currents, alteniately direct and inverse, are produced in the secondary 
wire. This is perfectly insulated, and the E.M.P'. acquires such an 
intensity as to produce very powerful effects. Fizeau increa etj 
this intensity by interposing a condenser in the primary circuit as 
a shunt between i and h. As constructed by Ruhmkorff, for hi 4 
largest apparatus, it consists of 150 sheets of tinfoil about 18 inches 
square ; these sheets being joined are coiled on two sides of a 
sheet of oiled silk, which iqsulates them, forming thus two arma¬ 
tures ; they are then coiled several times round each other, so 
that the whole can be placed below the helix in the base of the 
apparatus. One of these armatures, the positive, is- connected 
with the binding screw z, which receives the current on emerging, 
from the bobbin ; and the other, the negative, is connected with 
the binding screw w, which communicates by the plate, K, with 
the commutator, C, and with the battery. 

557. Effects produced by Ruhmkorffs coil.—The high potential 
which the electricity of induction-coils possesses has long been 
known, and many luminous and calorific effects have been ob¬ 
tained by means of such apparatus. Hut the improvements 
which have been introduced into these coils, by careful insulation 
and attention to the interruption, have enormously increased their 
power. 

Induced’currents are produced in the coil at each make and 
break of contact. Tut these currents are not equal either in 
duration or itj E.M.F. The direct current, or that on breaky is of 
. sljorter duration but higher E.M.F.; that of makCy of longer 
duration but lower E.M.F. Hence if the two ends, P and P', of the 
fine wire (figs. 613 and 614) are connected, the two currents neu¬ 
tralise each other, as there are two equal and contrary flows of 
electricity in the wire. If a galvanometer is placed in the circuit, 
only a very feeble deflection is produced in the direction of the 
^ jjirect current. This is not the case if the two ends, P and P', of 
rthe wire arc separated. As the resistance of the air is then 
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opposed to the passage of the currents, that which haj higher 
E.M.F., that is, the direct one, only passes. 

Suppose we obtaiuj on breaks a spark an inch long ; the E.M.F. 
or difference of potential between the terminals must be very high— 
over 50,000 volts. We shall find that in order to obtain a spark 
on making the primary circuit we must bring the terminals almost 
into contact with each other. Thus, the difference of potential 
between the terminals when the primary is broken must be 
enormously greater than that obtained when it is completed. 

The effects of the coil, like those of the battery, may be classed 
^uncler the heads physiological^ chemical^ heatings luminous^ me¬ 
chanical ; they differ from those of the battery in being enormously 
'more intense. 

The physiological effects of Ruhmkorff’s coil are very powerful; 
in fact, the shocks are so violent that many experimenters have 
been suddenly prostrated by them. A rabbit may be killed with 
an induction current aiising from two of Bunsen’s cells, and a 
somewhat larger number of cells would kill a man. 

The heating effects are also easily observed ; it is simply neces- 
, sary to interpose a verj^ fine wire between the two ends, P and P', 
of the secondary wire ; this iron wire is immediately melted, and 
burns with a bright light. The spark of the Ruhmkorff’s coil has 
been used to fire mines in military and mining operations. 

'I'he chemical effects are very varied, inasmuch as the apparatus 
produces both the ordinary effects of the current and of electricity 
at high potential. Thus, according to the shape and distance of 
the platinum electrodes immersed in water, and to the degree of 
acidulation of the water, either luminous effects may be produced 
^ in water without decomposition, or the water may be decomposed 
and the mixed gases disengaged at the two poles, or, again, the 
decomposition may take place, and the mixed gases separate either 
at a single pole or at both poles. 

The luminous effects of Ruhmkorff’s coil are also very remark¬ 
able, and vary according as they take place in air, in vacuo, or in 
very rarefied vapours. In air the coil produces a very bright l6ud 
spark, which, with the largest-sized coils, has a length of eighteen 
inches. In vacuo the effects are also remarkable. The experiment 
is made by connecting the two wires of the coil, P and P', with the 
two rods of the electrical egg (fig. 482), used for producing in 
vacuo the luminous effects of the electric machine. A partial 
vacuum having been produced, a beautiful luminous trail is pro- 
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duced fnom one knob to the other, which is virtually constant, and 
has an intensity similar to that obtained with a powerful electric 
machine when the plate is turned. 

If this light be closely observed, it will be found that if some 
vapour of turpentine, or wood spirit, or bisulphide of carbon, have 
been introduced into the globe before exhaustion, instead of being 
continuous the light consists of a series of alternately dark and 
bright zones, forming a pile of electric light between the two poles. 
This phenomenon is known as the strati^ca/ion of the electric lights 
and is due to the circumstance that the current is discontinuous. 


The brilliancy and beauty of the stratification of the electric, 
light are most lemarkable when the discharge of the RuhmkorfTs 
coil takes place in glass tubes containing a highly rarefied vapouf 
or gas. These phenomena, which have been investigated by Mas¬ 
son, Grove, Gassiot, Pliicker, etc., are produced by means of sealed 
glass tubes, first constructed by Geissler, of Bonn, and known as 
Ceissler^s tubes. These tub*es are filled with different gases or 
vapours, and are then exhausted. At the ends of the lubes two 
platinum wires are soldered into the glass. (See figures on the 
right and left in the coloured plate at the beginning of this, 
book.) 

When the two platinum wires are connected with a Ruhni- 
korfiPs coil, magnificent lustrous striic, separated by dark bands, 
are produced all through the tube. These striie vary in shape, 
colour, and lustre with the degree of the vacuum, the nature 
of the gas or vapour, and the dimensions of the tube. The phe¬ 
nomenon has occasionally a still more brilliant aspect from the 
fluorescence which the electric discharge excites in the glass. 

The figure on the right (coloured plate) represents the appear¬ 
ance presented by hydrogen; in the bulbs the light is a pale 
lavender blue, in the capillary parts it is red. 

In carbonic acid the colour is greenish, and the stria; have not 
the same shape as in hydrogen ; in nitrogen, as represented in the 
figure on the left, the light is reddish violet. In chlorine the colour 
is teddish violet in the wide part of the tube, and in very narrow 
tubes green. 

Mechanical effects .—By means of Ruhmkorfif’s coil mechanical 
effects can also be produced, so powerful that, with the largest 


apparatus, glass plates two inches thick have been perforated. 
The result, however, is not obtained by a single discharge, but by 
liberal successive dis^iarges. 
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The experiment is arranged as shown in fig. 615. *rhe two 
ends of the secondary coil are attached to the binding screws, a 
and b:, by means of a copper wire, /, a is connected with the lower 
part of an apparatus for piercing glass like that already described 
(fig. 502); the other terminal is attached to the upper conductor 
by a wire, d. This conductor is insulated in a large glass tube, r, 
filled with shellac, which is run in while in a state of fusion. 
Between the two conductors is the glass to be perforated, V. 
When this presents too great a resistance, there is danger lest the 
spark pass in the coil itself, perforating the insulated layer which 
* separates the wire, and then the coil is destroyed. To prevent 
this, two wires, e and f, connect the terminals of the coil w'ith two 



Fig. 615. 


metal rods, or a rod and a disc, m and whose distance from 
each other can be regulated. If then the spark cannot penetrate 
through the glass, it bursts across with a bright spark and a loud 
report, and the coil is not injured, 

C 55 ^* Transfoiiners.—We see from the action of the Riihmkorft 
coil that it forms an arrangement by which we may say t^at 
electricity of low potential (556) is /ram/oroied into that of high 
potential. 

If we reverse the function of the parts, we may transform elec¬ 
tricity of high potential into that of low; that is, if we connect the 
secondary coil of fine wire with a source of electricity of high 
potential, we shall then have currents of low potential produced by 
induction in the primary coil. N 
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An important application of this is made in t^e transmission 
of electric energy, which, as we have seen, is the product of two 
factors, electromotive force and current, and is expressed by volt- 
amperes or watts (527). If a given number of watts is to be trans¬ 
mitted to a distance, the transmission may be effected either in the 
form of a current of great quantity but low electromotive force, or 
in the form of a weak current but of high electromotive force ; 
thus, if the number of watts to be transmitted is 50,000, this 

might be as a current of 50 



amperes under an electromotive 
force of 1,000 volts ; or it might, 
be as 1,000 amperes with an 
E.M.F. of 50 volts. Such a* 
current as the latter would, . 



however, require so stout a con¬ 
ductor that the expense would 
put the transmission out of the 
question, and accordingly the 
former mode, requiring a much 
thinner conductor, would be, 
used. Currents of so high po¬ 
tential as 1,000 volts are, how¬ 
ever, dangerous, more particu¬ 
larly when in dwellings, and here 


comes in the utility of the trans¬ 
formers. The current is trans¬ 


mitted through the thin wire, and at the place where it is to be 
utilised is connected with a transformer the primary and secondary 
coils of which are so related that the required E.M.F. may 
obtained. ^ 


Suppose, for example, that electricity at 2,000 volts passes 
through the transformr r, and that the current strength is 5 amperes, 
so that the power supplied is 10,000 watts or 10 kilowatts. By 
th# transformer this may be converted into electricity at 100 volts 
(as required for glow-lamps), and assuming there is no loss of 
power by the conversion, the available current would be 100 
amperes, which would feed 300 glow-lamps arranged in parallel if 
each required *5 ampere. 

One type of transformer is represented in fig. 616 ; the core is 
a bundle of soft iroa wire or strips forming a closed magnetic 
circuit. The two sets of wires, the primary AB and the secondary 
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aby both carefi^lly insulated, are wound on the core either close 
together or in separate sectors as represented in the figure. 

O 559. Rotation of induced currents by magnets.—De la Rive 
devised an experiment which shows in a most beautiful manner 
that magnets act on the light in Geissler’s tubes in accordance 
with the law's which govern their action on any other movable con¬ 
ductor conveying a current. 

On the iron core of an electromagnet, M (see Frontispiece), is 
a soft iron rod terminated at the top by an iron plate ; this rod, 
with the exception of the top, a, is inserted in a very carefully in¬ 
sulated glass tube. The binding screw, ky is in conducting com¬ 
munication with this iron rod. The whole of the upper part of 
* this arrangement is fitted into an electric egg. The brass tubulure, 
ddy which holds the glass tube, is in conducting communication 
with the binding screw, h. By the stopcock at the top the 
electric egg can be exhausted, and a,few drops of alcohol are then 
introduced. 

If now the wires from a Ruhmkorflf's coil are connected with 
the binding screws, h and ky but without at the same time exciting 
the electromagnet, a more or less irregular luminous sheaf passes 
from the plate, rt, to the ring, dd. 

But if a voltaic current passes into the electromagnet, the phe¬ 
nomenon is diflTercnt; instead of starting from different points of 
the upper surface and the ring, the light. is condensed and emits a 
single luminous arc. Further, and this is the most remarkable 
part of the experiment, this arc turns slowly round the magnetised 
cylinder, sometimes in one direction and sometimes in another, 
according to the direction of the induced current, or the direction 
of, the magnetism evoked in the core. As soon as the magneti¬ 
sation ceases, the luminous phenomenon reverts to its original 
appearance. 

This experiment is remarkable as having been devised a priori 
bv De la Rive to explain by the influence of terrestrial magnetism 
a kind of rotary motion from east to west, observed in the aurgra 
borealis. The rotation of the luminous arc in the above experi¬ 
ment can evidently be referred to the rotation of currents by 
magnets (535). 

560. The Telephone.—We have already described an instru¬ 
ment in which communications are made through a wire connecting 
two distinct stations by means of the sound produced by the 
attractions of an armature against an electronagnet (544). Here, 



700 Voltaic Electricity [ 560 - 

though tlic sounds are all of the same kind, they may be varied in 
duration, and, by the suitable combination of short and long sounds, 
it is possible to produce signals at a distant station which have a 
perfectly definite meaning. 

An instrument has in recent years been invented which is far 
in advance of this ; and whether we look at the simplicity of its prin¬ 
ciple and of its construction, or at the importance and practical 
utility of the results already obtained by its means, or again at its 
promise in the future, it must surely be regarded as one of the 
most surprising of modern inventions. By its means it is possible 
not merely to produce sound at a distance, but to produce articulate ^ 
sounds ; to speak audibly, or to send a musical air through a cir¬ 
cuit of many miles of ordinary telegraph wire. 

Reis in 1862 was the first to make a successful attempt to 
transmit musical sounds to some distance by means of electricity. 



Kij;. 617. 


The general plan of the apparatus which he used is represented in 
fig. 617. It consists essentially of a hollow box, B, in one ,of 
the sides of which is ^mouthpiece, A, while another is closed by 
a thin membrane. On this membrane is a piece of thin metal 
foil, C, which is connected with a wire leading to one pole of a 
battery, G, the other pole of which is put in connection with the 
e^^th. Just above the foil, and almost touching it, is adjusted a 
metal point, D, which is connected by the line wire (540) with one 
end of a spiral coil of insulated wire, F, surrounding an iron rod, 
the other end of which is put to earth (541). 

The production of sounds depends on an observation made by 
Page, that when an iron rod surrounded by a spiral of insulated 
^ire is rapidly magnerised and demagnetised, by the intermittent 
Ipiasage of an eled&ic current, a musical sound is produced 
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which is strengthened by the spiral being placed on a sbunding- 
board. 

Now the sounds produced by speaking or singing into the 
mouthpiece set the membrane in vibration, and alternately open and 
close the circuit, and the helix with its iron core is rapidly mag¬ 
netised and demagnetised. Thus F emits a note the pitch of which 
corresponds to that of the note sounded at A. 

'I'he telephone to be described is characterised by far greater 
simplicity and efficiency, and also by its requiring no battery. It 
was invented by Professor Graham Bell, of Boston, in 1877. It 
is represented in something less than half its ordinary size in 
lig. 618, while fig. 619 gives the details 
'of the construction. 

It consists essentially of a steel 
magnet, M, about 4 inches in length 
and about half an inch wide, enclosed 
in a wooden case. Round one end 
of this magnet is fitted a thin fiat 
coil, BB,.of fine insulated copper 
wire, the endsi of which coil pass 
through longitudinal holes, LL, in 
the case, and are connected with the 
binding screws, CC. In front of the 
magnet, and at a distance which 
can be regulated by a screw, S, but 
which is something less than a milli¬ 
metre, is the essential feature of the 
instrument, a diaphragm, D, of soft 
iron, not much thicker than a sheet 
of stout letter-paper. This diaphragm 
is screwed down by the mouthpiece, 

E, which is similar to, though some¬ 
what larger than, that of a stetho¬ 
scope (181). 

The instruments are connected 
by wires, for one of which the earth 
may be substituted, as in ordinary telegraphic communication 
(541). Each instrument can be used either as sender or receiver, 
though in actual practice it is more convenient for each operator 
to have two telephones, one of which is held to the ear, while the 
other is used for speaking into. \ 



Fig. 618. 
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The iction of the instrument depends on the faQt that whenever 
the relative positions of a magnet and of a dosed coil of wire are 
altered (549), there is produced within the coil a current or currents 
of electricity. This may be illustrated by reference to fig. 602. 
When the magnet is suddenly brought into the coil a current is 
produced in the < oiI in a particular direction. There is no current 
so long as the coil and the magnet are stationary. When, how¬ 
ever, the magnet is suddenly withdrawn, a current is produced in 
the opposite direction. Similar effects are produced if, while the 
magnet is in the coil, its magnetism is by any means increased or 
diminished. 

Now, in the telephone the magnet and the coil, when once 
properly adjusted, remain fixed. But the magnet, M, magnetises 
by induction the soft iron membrane, D, in front of it, that is, 
converts it into a magnet. When, by the mouthpiece being spoken 
into, this iron membrane vibrates backwards and forwards, the 



Fig. 619. 


vibrations give rise to ait alteration in the magnetic field inside the 
coil, BB, the effect of which is that currents are produced i 1 it in 
alternate directions. These alternating currents being transmitted 
through the circuit to the distant coil (the receiver), alternately 
attract and cease to attract the corresponding diaphragm. They 
thereby put it in vibration, and when the mouthpiece of the receiver 
is held to the ear, these vibrations are perceived as sound, 
precisely corresponding to that which is transmitted. Hence 
whatever sound produces the vibration of the diaphragm of the 
sending instrument is repeated by the second, for its vibrations 
are exactly reproduced^ The telephone is an alternate current 
machine. / 
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Although the reproduction of the sound in the receiving instru¬ 
ment is perfect as far as articulation is concerned, it is considerably 
enfeebled. The sound has something of a metallic character, and 
appears as if heard through a long length of tubing. It is only 
perceived by the person using the telephone as a receiver, and he 
must hold the mouthpiece close to the ear. Hence, in order to 
attract attention at the distant station, an electric bell worked 
by a magneto-electric machine, and suitably connected in the 
circuit, is used as a call. It is difficult to work the instrument on 
a busy line of telegraphic communication where there are several 
wires. The electric currents passing in the adjacent wires, and 
even the vibrations of these wires against the posts on which they 
rest, produce a continual vibration in the telephone circuit, so that 
when, under these circumstances, a telephone is held close to the 
ear, a continuous noise, like the pattering of hail, is heard, which 
destroys the sound of direct speech. This may, however, be 
eliminated by having the telephonic circuit of two wires twisted 
close together, instead of using .an earth return ; as they are both 
at the saqie distance from the extraneous cause, whatever this may 
be, its effects are equal and in opposite directions ; they therefore 
neutralise each other. The limit of power of the telephone has 
yet to be ascertained. In India it has been found possible to speak 
audibly through a distance of 500 miles, and even breathing has 
been heard through a distance of 150 miles. In America con¬ 
versation has been kept up through a distance of 730 miles. In 
France, between Paris and Marseilles, or 500 miles. Owing to 
climatic considerations, the distances attained in this country are 
not so great, but Manchester is in direct telephonic communication 
with London—a distance of 170 miles. Signals have been sent by 
its means from Brussels to Dover by way of Ostend—a distance 
of 80 miles by land, in addition to 62 miles through the submarine 
cable.' 

If, while a musical box is being played, the mouthpiece of the 
telephone is placed upon it, or if the mouthpiece of the instrument 
is held over an open pianoforte, the music in each case is repro¬ 
duced at +he receiving instrument. 

The telephone has been applied, with success, to speak with 
divers when under water. It has also been used for scientific in¬ 
vestigations as a galvanometer ; it reveals the existence of currents 
so feeble as to be without action on even the most delicate forms of 
the ordinary instruments. Experiments in«J^e to test its applicability 
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for militaery purposes are of great promise, and altogether the in¬ 
strument has, without doubt, a great future before it. 

The Ader telephone, which is almost exclusively used in France^ 
is characterised by the circular form of its magnet, A (figs. 620 
and 621), which also serves as handle. Another peculiarity is the 
addition of a soft iron ring, XX (fig. 620), called the sur-exciterj 
which acts as armatuie and increases the magnetic actions. Both 
poles of the magnet are utilised, and on each a small coil of wire is 
fixed (figs. 620 and 623). The vibrating plate, M (fig. 620), is placed 
quite close to and in front of the two poles. E is the mouthpiece 
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which is of ebonite. Like Bell’s telephone, this instrument can be 
used either for sending or receiving. 

The amplitude or extent of the vibrations of the vibrating plate 
i^^ telephone IS exceedingly small; it is estimated that it does 
fcxceed the twenty-i^llionth part of an inch. 
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The current in a telephone was estimated by De la Rue as not 
exceeding that which would be produced by one Daniell’s cell in a 
circuit of copper wire 4 mm. in diameter of % length sufficient to 
go 290 times round the earth. This current Would have to pass 
19 years through a water voltameter to produce i cc. of detonating 
gas. This is about 1,000 million times less than the currents in 
ordinary use. Such currents are, however, sufficient to cause the 
contraction of a frog’s leg (488). 

The distance at which conversation can be kept up with the 
telephone depends less on the kind of telephone than on the 
mature of the wire. The non-magnetic metal copper is far better 



Fig. 624. 


than iron, and for long distances the transmission seems propor¬ 
tional to the diameter of the wire. 

O 561. Microphone.—This instrument, invented by Professor 
Hughes, derives its name from the fact that it renders sounds 
audible Which to ordinary cars are quite inaudible. Its construc¬ 
tion is o^reat simplicity : fig. 624 represents the form in which it 
was first mavie by its inventor, Professor Hughes. Fixed to a small 
upright of light wood, B, resting on a base of the same material, A, 
are two binding screws which terminate in two brass caps, CC', 
enclosing pieces of gas graphite. A piece of this substance rests 
loosely in the cavitibs in the manner represented on a larger 
scale in the figure on the side. When this apparatus is connected 
up with a battery and a telephone, T, as shown in the figure, the 
faintest sound produced on the base, the tiding of a watch^ the 
scratching of a pen, or even the creeping %f a fiy, is dis^hfiiily 

z z 
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audiblePin the telephone. The action of the instrument appears to 
be that when two imperfect conductors, forming part of a voltaic 
circuit, are in loose contact, any variation in their degree of 
contact produced by vibration produces a change in the resistance, 
and this change at once varies the strength of the current in a 
corresponding way, and these variations again produce exactly 
corresponding vibrations in the telephone by which they are heard. 
The effect of the microphone is to draw supplies of energy from 
the battery, which then appear in the telephone. 

To obtain the best results with a particular instrument, the 
position of the carbon must be carefully adjusted by trial; and*, 
indeed, the form of the instrument itself must be variously modified 
for the special object in view : in some cases great sensitiveness i§ 
required ; in others great range. In order to eliminate as far as • 
possible the effect of accidental vibrations due to the supports, the 
base should rest on pieces of vulcanised tubing, or on wadding. 

The microphone transmitter, now in such frequent use, is essen¬ 
tially the same as the above, but its form is somewhat different; 
it is a sort of frame in which is a thin plate of ebonite; on the 
back connected up with a cell and a telephone receiver as above,, 
shown. When the voice is directed against this plate, it is thereby 
set in vibration, and these vibrations varying the strength of the 
current are transmitted to the telephone, which then produces the 
exact words and even the intonation of the speaker. 
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CHAPTER XIII 
THERMOELECTRIC CURRENTS 

562. Thermoelectricity.—In 1821 Professor Seebeck, in Berlin, 
found that by heating one of the junctions of a metallic circuit, 
consisting of two metals soldered together, an electric current 
Was produced. This phenomenon may be shown by means of the 
apparatus represented in fig. 625, which consists of a plate of 
copper, the ends of which are bent and soldered to a plate of 
bismuth, op. In the interior of the cijcuit is a magnetic needle, rt, 
oscillating on a pivot. When the apparatus is placed in the mag¬ 
netic meridian, and one of the solderings gently heated, as show 11 



the passage of a current from n to that is, from the heated to 
the cool junction in the copper. If, instead of heating the junction, 
«, we cool it by placing upon it cotton-wool moistened with 
ether, the other junction remaining at the ordinary tempera¬ 
ture, a current is produced, but tiSi the opposite direction ; that is 
to say, from m to ». In both cases the current is more energetic 
in proportion as the dijfferen^ in temperature erf the solderings is 
greater 1 
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Seeb'eck gave the name thermoelectric to this current, and the 
couple which produces it, to distinguish it from the hydroelectric or 
ordinary voltaic current and couple. 

563. Thermoelectric series.—If small bars of two different 
metals are soldered together at one end, while the fore ends are 
connected with a galvanometer, and if the point of junction of 
the two metalb is heated, a current is produced, the direction 
of which IS indicated by the deflection of the needle of the 
galvanometer (fig. 626). By experimenting in this way with 
different metals, we may arrange them in a list such that each 
metal is positive with regard to one of the following, and negative 
with regard to those that precede; that is, that in heating the 
soldering the current goes from the positive to the negative metal 
across the junction, just as if the soldering itself represented the 
liquid in a hydroelectric element; hence, out of the element, in the 
connecting wire in the galvanometer for instance, the current goes 




from the negative to the positi\e metal. Thus a couple, bismuth- 
antimony, heated at the junction would correspond to a couple, 
zinc-copper, immersed in sulphuric acid. Fig. 627 represents a 
battery of such elements. 

Of all substances, bismuth and selenium produce the greatest 
electromotive force; but from the expense of this latter element, 
and on account of it?low conducting power, antimony is g< nerally 
sulliistituted. The antimony is the negative metal but the positive 
and the bismuth the positive metal but the negative pole, and 
<5yrent goes from bismuth to antimony across the heated 
“Tiaiillfn. 

j! ♦ 564. NobiU’s thermoelectric pile.-“Nobili devised a form of 
^thermoelectric battery, or pile as it is usually tetmed, in which 
there are a large number of eleibents in a very small space. He 
joined the couples of bismuth and antimony in such a manner that, 

, after a scries of five ct^uples had been made, as represented in fig. 
bismuth fron^ b was soldered to the antimony, of a second 
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series, arranged similarly; the last bismuth of this to the antimony 
of a third, and* so on fo; fwr vertical'series, ^ntaining together 
twenty couples, commencing by antimony, finishing by bismuth. 
The couples thus arranged are insulated jfrom one another by 


means of small paper bands 
covered with varnish, and 
then enclosed in a copper 
frame, P (fig. 629), so that 
only the solderings appear at 
the two ends of the pile. 
Two small binding screws, 
m and «, insulated by an 
* ivory ring, communicate in 
the interior, one with the 
first antimony, representing 



Fig. 628. 



the positive pole, and the , 

other with the last bismuth, representing the negative pole, lo 
these binding screws are connected the extremities of a ga vano- 
meter wire, when the thermoelectric current is to be observed. 



Fig. 630. 


A Nobili’s pile in combinflt|pn with a galvanometer constitutes 
the most delicate and accurate fe#ans of measuring temperatu^. 
Such an arrangement wasE first used by Melloni in his researches 
on radiant heat (l33)- arrangement he used is represented in 

fig. 630. i 
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On t wooden base, provided with levelling screws, a graduated 
brass rule, about a yard long, is fixed edgeways. On this rule the 
various parts composing the apparatus are placed, and their dis¬ 
tances can be fixed by means of clamping screws, a is a support 
for a lamp, or other source of heat; F and E are screens ; C i** a 
support for the bodies experimented on, and m is a thermoelec¬ 
tric battery. Near the apparatus is a galvanometer, D, which 
has only a comparatively few turns of a tolerably thick (i mm.) 
copper wire. The delicacy of this apparatus is so great that the heat 
of the hand is enough, at a distance of a yard from the pile, to 
deflect the needle of the galvanometer. 

'' 565. Properties and uses of thermoelectric currents.—The 
electromotive force of thermoelectric currents is very low, but they 
are of great constancy ; for their opposite junctions, by means of 
melting ice and boiling water, can easily be kept at 0° and 100° C. 
On this account. Ohm used them in the experimental establish¬ 
ment of his law (524). A thermopile of 100 couples of antimony 
and bismuth with opposite faces at o® and 100° respectively has 
an electromotive force nearly equal to that of a Daftiell’s cell. 
These thermopiles can produce all the actions of the ordinary battery 
in kind, though in less degree. By means of a thermopile con¬ 
sisting of 769 elements of iron and German silver, the ends of 
which differed in temperature by about 10® to 15°, Kohlrausch 
proved the presence of free positive and negative electricity at the 
two ends of the open pile respectively. 

» 566. ThermocJectric needle.—The thermoelectric couple' may 
be used for determining temperatures in places difficult of access. 
Two different wires, A and B, are twisted together and con¬ 
nected with a galvanometer G (fig. 631). If then the junction 
O is exposed to a succession of constant know'n temperatures, a 
corresponding deflection of the galvanometer will be observed, 
from which an empirical table of temperatures can be con'^^ructed; 
hence, if the junction is put in any place its temperature is at once 
shown by a reading of the galvanometer. By a suitable choice of 
.such couples, considerable ranges of temperature can be observed. 

' Thus, with a platinum and a platinum-rhodium wire, temperatures 
• up to 1200° may be measured with an accuracy of one per cent.— 
an application of great service tn determining the temperature of 
furnaces, or of the heat involved in chemical reactions in the 
melting-points of bodie^. 

\ "(jiFig. 632 representi the principle of an arrangement devised by 
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Becquerel for measuring temperatures telow 100’. Two kientical 
thermoelectric cbuples are, joined in series in opposition to each 
other; one of the junctions being placed in the position the tem¬ 
perature of which is to be observed, the other is placed in water, 



Fig. 631. Fig. t) i-. 


the temperature of which is raised or lowered until the needle 
of the galvanometer is not deflected. The temperatures of the two 
junctions are then the same, and it is only necessary to read 
ofl' with a* thermometer the temperature of the water. 



